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Letter of Transmittal

To the Congress of the United States:

In compliance with the provisions of the Act of March 3, 1915, estab-
lishing the National Advisory Committee for .\eronautics, I transmit
herewith the Thirty-second Annual Report of the Committee covering
the fiscal year 1946, and containing a review of the unreported war

years.
Harry S. Truman.
Tee WHITE HoUSE,
Fepruary 24, 1947,






Letter of Submittal

NaTtroNarn Anvisory CodMMITTEE FOR AERONAUTICS,
Washington, D. C., Janvary 10, 1947.

DEear Mr. PresipExt: In compliance with the provisions of the Act
of Congress approved March 8, 1915 (U. S. C. title 49 sec. 243), I have
the honor to submit herewith the Thirty-second Annual Report of the
National Advisory Conmmittee for Aeronautics, covering the fiscal year
1946.

The circumstances of war prevented detailed reports of the NACA’s
activities during the war years. It is the aim of this report to present
a concise picture of significant activities since 1940. The financial
report relating to 1946 is included in this document. Financial reports
and summaries relating to the years intervening between the Twenty-
eighth Annual Report published in 1942 and the present will follow.

The close of the war marked the end of one whole phase of develop-
ment of the airplane as conceived by the Wright brothers. The air-
plane in its present form is no longer a sound basis for future planning
for the national defense. The power available in jet propulsion systems
brings flight through and above the speed of sound within reach. Yet,
the attainment of practical flight at such speeds requires the application
of new knowledge which must be obtained by diligent research with
new tools and new methods. As with the Wright brothers at the first
flight, we stand at a new frontier where research to establish the
scientific principles and laws governing high-speed flight will deter-
mine our future in the air.

Respectfully submitted.

JeroME C. HUNSAKER,
Chairman.
THE PRESIDENT,
The White Iouse, Washington, D. C.
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THIRTY-SECOND ANNUAL REPORT

OF THE

NATIONAL ADVISORY COMMITTEE FOR
AERONAUTICS

Washington, D. C., November 21, 1946.
To the Congress of the United States:

N accordance with the act of Congress approved
March 3, 1915 (U. S. C. title 49, sec. 241), which
established the National Advisory Committee for

Aeronautics, the Committee submits herewith its Thirty-
second annual report for the fiscal year 1946. Because
the Committee’s reports were suspended during the war
years, the present report comprises a summary of im-
portant activities since the last published report, for
1942. Tt will be followed by brief reports for the inter-
vening years.

The National Advisory Committee for Aeronautics
is the Government agency charged with responsibility
for scientific aeronautical research. It was established
by the Congress in 1915 to “supervise and direct the
scientific study of the problems of flight with a view to
their practical solution,” and was authorized to “direct
and conduct research and experiment in aeronautics” in
such laboratory or laboratories in whole or in part as
may be placed under its direction.

To discharge its responsibilities, the NACA must en-
deavor to forecast the trend of aeronautical develop-
ment, civil and military; to anticipate the research prob-
Iems that will arise; to design and provide the special
research facilities as needed to solve the problems; to
coordinate the fundamental research programs of the
Government; to conduct fundamental scientific investi-
gations in its own laboratories, and to encourage and
support research in scientific and educational institu-
tions. The results of the Committee’s research, in the
form of consultations and reports, are made available
to the military services and other governmental estab-
lishments, to industry, to air transport operators, to
scientific and educational institutions and libraries, and
to others concerned.

To assist in the discharge of these duties and in the
determination of present and future research needs of
aeronautics, civil and military, the Committee has estab-
lished standing technical subcommittees on aerody-
namics, power plants for aircraft, aircraft operating

problems, and aircraft construction. The subcommit-
tees are composed of specially qualified representatives
of the governmental agencies concerned and of experts
from private life. The members of the subcommittees,
like the members of the main Conunittee, serve as such
without compensation.

The subcommittees prepare and recommend research
programs. Most of the problems recommended for
investigation are assigned to the Committee’s labora-
tories. Some problems are assigned to the National
Bureau of Standards and to the Forest Products Lab-
oratory when it is to the advantage of the Government
to do so in order effectively to utilize existing govern-
mental facilities. Problems are also assigned, by re-
search contracts, to scientific and educational institu-
tions. This policy, the Committee believes, makes
effective use of non-governmental research facilities,
stimulates and coordinates aeronautical research, and
also has the advantage of training research personnel.

The Committee also has established an industry con-
sulting committee to guide its fundamental research
toward objectives of optimum value in meeting the needs
of industry for fundamental information necessary in
the design of aircraft of higher performance.

The state of basic aeronautical knowledge must be
kept well in advance of application in order that the
needs of the Nation may be served.

The results of the research efforts of the Committee
have a broad influence on the national security and
national economy. The fundamental aeronautical data
thus provided are basically important to the forward
planning of the development programs of the military
services and the aireraft manufacturing and operating
industries. This basic information insures not only the
procurement of efficient air weapons for national de-
fense, but also safer, faster, and more economical air-
craft for the rapidly expanding air transport services,
and safer, more efficient, and more useful airplanes for
the rapidly expanding private flying activities in the
United States.

Dufing the war, the NACA devoted virtually its
whole effort to making this country’s aeronautical

1



2 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

weapons more effective than the enemy’s. This
amounted to sacrifice of the future tothe present.

In the recent war, the chief offensive weapon was the
airplane. America’s early strategy dictated its per-
fection rather than long-range research on new weapons.
Therefore the Committee concentrated on improving
the performance and military effectiveness of the air-
plane to a degree of development beyond the best the
enemy had to offer. The climax came in the first com-
plete defeat of an enemy without setting foot on its
home soil. Now the reserve of knowledge available
when we entered the war, and without—which victory
would have been greatly delayed, has been exhausted.

This forces us toface the urgent recessity for renewed
emphasis on fundamental research, Without certain
essential design data the development of very high-
speed aircraft and guided missiles cannot proceed on a
sound basis, nor can tactical or even strategic plans for
air warfare be developed with any assurance of prac-
ticability.

The importance of applied science to the war effort
was not fully realized until late in the war, and there
was not an adequate appreciation of the important role
of young men in any rapidly advancing technology.
Two conflicting principles governed the action of Selec-
tive Service. One, that every citizen should sacrifice
equally in the common cause, and the other that every
citizen should be used where his talents could best con-
tribute. Since these principles were not effectively
differentiated, service was not truly selective.—As a
result, young scientists, engineers, and technicians were
drafted from research laboratories and industry, and
an unnecessary handicap imposed on the task of keeping

the instruments of war in the hands of our fighting men
superior to those of the enemy. America also sacrificed
its future to its immediate needs by halting the processes
of advanced education, thus creating a lack of scientific
manpower from which it cannot recover fur years.

The close of the war marked the end of one whole
phase of development-of the airplane as conceived by
the Wright brothers. The airplane in its present form
is no"longer a sound basis for future planning for the
national defense. The power available in jet-propulsion
systems brings flight through and above the speed of
sound within reach. We now see no definite limit to the
power that may become-available for aircraft propul-
sion. Nor do we see a definite limit to the speed that
may be attainable.

It is the immediate objective of the NACA to solve,
as quickly as facilities and personnel permit; the-most
pressing problems attendant on high-speed flight, and
to provide for the future development of knowledge in
this seemingly endless new field of research. In general,
the NACA must continue to direct its research to the
needs of-military, commercial, and private aviation, to
increase the performance, economy, and safety of
aircraft.

In long range planning for the country’s aeronautical
future, there is greater need than ever before for Nation-
wide teamwork, because of the great cost and manpower
requirements of modern aeronautical research and de-
velopment facilities. Important installations and their
uses must not be unnecessarily duplicated. Only on the
foundation of aeronautical science can the potentialities
of national defense, of air transportation, of commerce,
and of communication with other peoples be realized.



Part 1
SUMMARY OF TECHNICAL ACTIVITIES

WING to the large amount of research since 1940
to be covered by this report, and to the numer-
ous changes of committees organized to handle
this research, the technical activities of the NACA
during the war years are here presented according to
the major subject to which they belong. These are
chiefly four: aerodynamics, propulsion systems, con-
struction and materials, and operating problems. A
more recent development is the category of seli-pro-

pelled guided missiles.
AERODYNAMICS

Much of the work in aerodynamics during the war
period was conducted of necessity at the specific request
of the Army and Navy, and basic research, which is
normally the principle field of endeavor, played a
secondary role. From a review of the results obtained,
however, it was found that the work accomplished can
be readily classified under two main headings, namely,
“Basic Aerodynamic Research,” and “Wartime Applied
Research.”

During the past 6 years, the exigencies of military
necessity in many instances have tended to convert
pure research in basic aerodynamics to the more im-
mediately required corrective research for the air arms
of the military services. This situation, however, has
not been an outright hindrance to basic research; ad-
ditional impetus to research thinking has often resulted
from development of practical applications. Such
urgency has also required the utmost in ingenuity for
devising quickly the best possible means for obtaining
and analyzing aerodynamic research data, whether it
be theoretical or experimental, basic or corrective, in
order to insure early and proper application.

BASIC AERODYNAMIC RESEARCH

IMPROVEMENT OF TEST METHODS AND
DEVELOPMENT OF NEW EQUIPMENT

Wartime necessity speeded the development of the
low-turbulence, pressurized type of wind tunnel which
was required for duplicating more quickly and accu-
rately in model tests the conditions to be encountered

in flight by actual aircraft. The first tunnel of this
type was constructed at the Langley Memorial Aero-
nautical Laboratory in 1940, This year, a larger low-
turbulence pressure wind tunnel, with a 12-foot diameter
test section, was placed in operation at the Ames labora-
tory. It will permit testing of many medels substan-
tially at full scale. A unique feature of the design is
that by partially evacuating the tunnel, it is also possible
to test the same models at speeds very close to the speed
of sound.

While wind tunnel techniques have been advanced
considerably to permit tests at nearly the speed of sound,
the tremendous difficulties involved in wind tunnel test-
ing at a Mach number of 1.0 have proved to be an impetus
in the development of new research techniques at and
above the speed of sound. The use of rocket-powered
missiles and freely falling bodies as test vehicles, with
the development of radar tracking and photo-theodolite
tracking techniques, has been successfully established.
This item alone has proved the usefulness and impor-
tance of a whole new field of areodynamic research
techniques destined to be considered on an equal footing
with the theoretical approach, wind tunnel research, and
standard flight research and, in fact, to have unique
capabilities in the transonic range.

Another technique developed at the Langley labora-
tory involves the mounting of small models in the
region of high-speed flow over the wing of a high-speed
airplane and thus providing valuable data at all speeds
up to, through, and somewhat above the speed of sound.
This research technique is referred to as the “NACA
wing-flow method.”

The use of freon gas as a test medium to allow the
same test equipment to cover independently the ranges
of Reynolds number (effective scale of model) and Mach
number (effective speed of model) has been developed.
The most extensive use of freon has been in the Lang-
ley supersonic sphere, where model airfoils are whirled
at subsonie, transonie, and supersonic speeds, and in the
Langley free-flight gallery, where models are propelled
from a compressed-gas catapult at various velocities
into a long tank of air, freon, or air-freon mixture.

Steady improvements in techniques of supersonic
wind tunnel research have also been made. At the
present time, three supersonic wind tunnels are in opera-

3



4 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

tion at the Ames Aeronautical Laboratory, two at the
Aircraft Engine Research Laboratory, and one at the
Langley Memorial Aeronautical Laboratory. With
the development of flexible nozzles, it is possible to.ob-
tain an over-all Mach number range of 1.2 to 3.4 with
these tunnels. A distinctive feature of one of the Ames
Aeronautical Laboratory’s 1- by 3-foot supersonie tun-
nels is that the effects of scale can be investigated by
changing the total pressure in the tunnel.

Increased operating speeds and altitudes of military
airplanes have resulted in increased power requirements.
This in turn has led to a demand for immediate basic
research on compressor blading and other aerodynamic
elements of jet-propulsion engines. The time urgency
of this work resulted in the development of the “airfoil-

cascade” technique, which allows rapid, inexpensive, and-

accurate duplication in fixed equipment of the condi-
tions encountered by the rapidly moving blades of
actual turbines and compressors.

It is apparent from the foregoing that substantial
progress was made during the war by the NACA in
developing new research techniques. It should be noted,
however, that one of the primary factors affecting the
success of all the new techniques developed has been
the concurrent, successful, and rapid development of
the research instrumentation required to obtain accu-
rately and rapidly the quantitative data provided by
these new research methods.

AIRFOILS

Prior to the war, results of NACA airfoil research
were used by practically every nation in the world.
This in itself was a testimonial to the value of the sys-
tematic investigations undertaken. With the advent
of the NACA low-drag airfoil, however, even further
improvements in speed and range of aircraft have now
been realized. The developmentofthe NACA low-drag
series of airfoils began in 1988 and represented a new
approach to the problem of airfoil design. The NACA
low-drag airfoils were designed to have extensive lam-
inar flow, and were the result-of research undertaken
in new wind tunnels designed to have turbulence levels
approaching that of free air.

The very earliest results with this new airfoil and
new research equipment showed that extremely low

drag coefficients, about half the values of those pre- .

viously observed for airfoils of comparable thickness,
could be obtained.. It should not be overlooked, how-
ever, that many problems in connection with the design

of these airfoil sections had to be solved after the first -

tests. Extensive systematic investigations have been
carried out both at Langley and Ames to determine the
complete characteristics of low-drag airfoil sections
over a wide range of Reynolds numbers and Mach num-

bers. Extensivestudies of theeffects of practical manu-
facturing irregularities on drag were also carried out
and qualitative criteria for aerodynamic smoothness
were determined. Practical application of the new
airfoil sections was thus assured.

Extensive investigations have also been made of the
effects of compressibility on airfoil section characteris-
tics. . Theoretical studies have shown that, for three-
dimensional wings, deterioration of the aerodynamic
characteristics at high Mach numbers can be postponed
by using either low-aspect-ratio plan forms or large
angles of sweepback or sweepforward. These predic-
tions have been further verified in wind-tunmnel tests.
The characteristics of these wings have also been ob-
tained at low speeds and at-the high angles of attack
corresponding to low-speed flight or landing,.

PROPELLERS

Theoretical propeller work during the war period
was devoted primarily to the development of-improved
methods of application of the existing theory and re-
lating these applications to design procedures in the
form of selection and design charts. This work, which
covers the complete speed range, eliminated a major
portion of the tedious calculations formerly required,
and was developed to cover the prediction of propeller
characteristics, including all of the important variables
in propeller design. o _

During this same period the application of Gold-
stein’s factors was extended to dual-rotation propellers
having a large number of blades.

An inerease in critical speeds of airfoil sections has
been obtained for use in propeller design through re-
search in the Langley 24-inch high-speed tunnel. These
sections have been designated as NACA 16-series air-
foils, and this development has permitted the use of
airfoils in propeller design which delay the onset of
conipressibility effects to an important-extent. At the
samie time this family of airfoil sections was so de-
veloped that-selection of optimum airfoil sections for
any range of 1ift coefficient could be more easily made
through use of design camber variation, These airfoil
sections have been found to have very low drag and,
when used in a propeller, produce high efficiency.

Low-speed tests conducted in the Langley Propeller
Research Tunnel extended the existing knowledge of-
the effects of blade width, number of blades, propeller
pitch distribution, and propeller slipstream characteris-
tics for single- and dual-rotation propellers.

An extensive amount of work was also accomplished
in the propeller research tunnel on 2 number of typical
propeller-body configurations. It was shown that the
interference effects of tractor propellers operating in
front of various types of NACA cowlings have an im-
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portant effect on propeller performance. It was also
shown that for efficient operation, propeller design
should include consideration of the field of flow around
such bodies. In addition, it was established that pusher
propellers operating in the wakes of bluff bodies and
deflected wing flaps suffer serious losses in performance.
Modifications which eliminate a major portion of these
losses have been evolved.

The increase in speed of aircraft, accelerated by the
war, made it clear that extensive work on high-speed
propellers was urgently required. A program was
formulated therefore to provide information to permit
the design of efficient high-speed propellers having high
power-absorbing characteristics. The results of the
tests in the Langley 8-foot high-speed tunnel of pro-
pellers embodying the NACA 16-series airfoils and uti-
lizing thin airfoil sections along the entire blade to the
spinner surface, and also designed to have optimum
pitch distribution and loading for high speeds, yielded
efficiency of from 90 to 95 percent through a speed range
up to approximately 500 miles per hour. These efficien-
cies were about 7 percent greater at low speeds and
about 22 percent greater at 500 miles per hour than could
be obtained with propellers widely in use at the time
of the investigation. These propellers were free from
adverse compressibility effects at speeds approximately
100 miles per hour in excess of speeds attained with
conventional propellers then currently used.

Investigations in flight and in the Langley 8-foot
high-speed wind tunnel showed that at high speeds,
losses in propeller efficiency of from 7 to 18 percent
were attributable to the round shanks, and that propel-
lers having good airfoil shank sections, with thickness
ratios of from 18 to 20 percent, eliminated these losses.
A program was also initiated in the 16-foot high-speed
wind tunnel to make use of sweep-back in propellers to
retard the adverse effects of compressibility at the blade
tips. The preliminary results indicated that some delay
in the onset of the adverse effects of compressibility
could be obtained through the use of swept-back pro-
peller blades, and studies are underway to incorporate
the sweep principle throughout the blades to permit
further gains in efficiency at high speeds.

. SUPERSONIC RESEARCH

Theoretical analyses made at Langley have been
fruitful in the development of improved wing plan
forms for supersonic aircraft. Preliminary tests of a
series of triangular wings in the Langley 9-inch super-
sonic tunnel verified this theoretical analysis.

In this country the drag-relieving properties of wing
sweepback wete discovered analytically at Langley in
early 1945. Soon thereafter the results of independent
German work became known. The theoretical benefits

of sweepback were immediately confirmed through an
experimental investigation using the unique techniques
of free-falling bodies and the NACA wing-flow method.
These methods-permitted the experimental determina-
tion of the characteristics of swept wings continuously
through the speed of sound and beyond into the super-
sonic range, thus yielding experimental data not avail-
able from any other source. Experimental results ob-
tained indicate that by use of triangular or swept plan
forms, the high pressure drag, which is an unavoidable
characteristic of straight wings at supersonic speeds,
can be virtually eliminated.

The sweepback theory has been extended by develop-
ment of methods for computing the drag of arbitrary

swept wings at high lift; the variation of drag with

aspect ratio and sweep predicted by analysis using this

theory is substantiated by the experimental data. The

Rankine-Hugoniot shock equations have been used to
calculate the lift, drag, and pitching moment of a large

number of supersonic airfoil sections for Mach numbers

up to 8.0

An experimental investigation bearing on the drag of
supersonic wings and bodies has also been conducted to
establish skin friction coefficients at supersonic speeds.
Predictions based on the von Karman-Prandtl theory
relating the friction coefficients and the Reynolds num-
ber were in agreement with the test results.

Theoretical studies of bodies suitable for supersonic
aircraft have resulted in the development of methods

.for calculating the lift, drag, and moment character-

istics of slender bodies of revolution, including cases of
air inlet openings at the nose. Data obtained in the
Langley 9-inch supersonic tunnel verified the calculated
characteristies. Additional experimental results have
alsc been obtained from freely-falling-body tests and
rocket-propelled test bodies. Preliminary tests have
also been made establishing the characteristics of wing-

body combinations. A model of a possible configuration

for o supersonic airplane was also investigated in the
Langley 9-inch supersonic tunnel; the results indicated
that reasonable maneuverability and stability can be
obtained in supersonic flight. Analyses based on the
test data now available indicate that man-carrying
supersonic flight in the Mach number range up to about
1.5 is possible with propulsion units of the gas-turbine
and ramjet types at their present stage of development.
Original data from systematic investigations of super-
sonic body shapes in Germany and Italy, at Macl: num-
bers ranging from 1.3 to 8.2, became available to the
NACA in 1944 and have been analyzed and published.
The results showed decreasing drag with increasing
fineness ratio of the nose. _
Investigations have been conducted at the Ames
laboratory to evaluate the interaction of wings and
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bodies through a range of Reynolds numbers at super-
sonic speed. A supersonic investigation has also been
undertaken at the Ames laboratory on bodies of-revelu-
tion, the results of which show that viscosity effects are
large and dependent to a considerable degree on the
body shapes.

A preliminary investigation at Langley of the design
of supersonic inlet diffuser systems, with particular
reference to circular open-nosed types, has indicated
efficiency values comparable to good low-speed diffusers,

Another type of inlet diffuser system employing an
annular sharp-edged inlet with a pointed conical central
body, gave an efficiency of over 90 percent at a Mach
number of 1.85.

Conventional axial-flow compressors are limited to a
tip Mach number of about 0.8 as a result of the occur-
rence of shock losses at higher speeds. An investigation
was made at Langley of a new type of compressor spe-
cifically designed for supersonic flow, and high efficien-
cies were obtained.

An experimental investigation of the interaction of
shock and boundary layer has been made at the Langley
laboratory using supersonic nozzles. It was discovered
that the pressure changes on the downstream side of a
normal shock are trarsmitted upstream through the
subsonic part of the wall boundary layer. The effect
of the high-pressure region behind the shock was to
cause & thickening of the boundary layer for some dis-
tance ahead of the shock, producing an effective con-

traction of the channel area, which in turn reduced the _

Mach number and intensity of the shock; the results are
low shock losses and high boundary-layer energy losses.

VIBRATION AND FLUTTER

Flutter-and vibration of aircraft continue to be im-
portant fields for investigation. Systematic studies,
both of a theoretical and experimental nature, have been
made during the war years. Theoretical studies based
on retarded potential theory have been made at Langley
on the air forces on oscillating airfoils moving at high
forward speeds. This work includes both the super-
sonic and subsonic speed ranges, but not the near-sonic
values. Applications of the results have been made to
wing flutter in various degrees of freedom and to aileron
reversal and wing divergence. Vibration modes and
wing flutter have been studied theoretically, as has the
effect of additional degrees of freedom.

A special wind tunnel for flutter research in which the

transonic range is being investigated for wings both
swept and unswept, by telemetered information obtained
from freely-falling body tests and also by means of
rocket-propelled bodies.

During flight tests of 2 jet fighter airplane, severe
aileron flutter developed during a high-speed dive, re-
sulting in damage to the aileron. This phenomenon of
compressibility flutter, also called “aileron buzz,” is
identified as a 1-degree-of-freedom type of flutter; it has
occurred on several other aircraft at transonic speeds.
An investigation conducted in the Ames 16-foot high-
speed tunnel indicated that this type of transonic flutter
is caused by a coupling of the aileron motion and the
shock wave motion on the wing. Further research is
being conducted to investigate the nature of the
phenomena in order to-gain a better understanding of
the problems of flutter in the transonic region.

The Langley vacuum sphere has been employed for
propeller vibration and propeller studies. The work on
propeller flutter as a function of-disc loading has led to
the development of-a theory for predicting the stall
flutter speed. Other tests in the Langley 16-foot tunnel
have been the basis for a study of the vibration of-dual-
rotation propellers and of pusher propellers mounted
behind wings.

Tail buffeting studies were made in the Langley 8-foot
tunnel at high speeds; in the case of one important
military airplaneysevere buffeting was considerably re-
duced by relocation of the-tail surface. In the case of
another military airplane where buffeting occurred in
high-speed flight, the problem was investigated in the
Ames 16-foot-high-speed wind tunmnel with greater
economy, safety, and convenience than could be realized
by other test inethods. As a result-uf the investigution,
the buffeting was eliminated, and a diving tendency
which the airplane had previously possessed was
corrected.

INTERNAL AERODYNAMICS

The rapid increases in the power of aireraft engines,
the advent, of turbine and reaction engines, and the
major increase in performance demanded of military
and transport aircraft-—during the war years have
greatly intensified the aerodynamic problems associated
with the internal flow systems of aireraft. .\snajor
increases in engine power were accompanied in many
cases by actual reductions in frontal area, the attain-
ment of-adequate heat dissipation and the provision

density of the test medium can be varied in a ratio of —of efficientlucting to handle the greatly augmented

80 to 1 is now in operation at the Langley laboratory.
The medium is air or Freon gas, and high subsonic
stream Mach numbers may be obtained.

The flutter phenomenon in the transonic speed range
is of especial importance since, in this range, the aero-
dynamic forces radically change in character. The

internal flow in the limited space available became in-
creasingly difficult. The continued advances in operat-
ing altitude further complicated ducting problems be-
cause of the increase in internal flow quantities brought
about by the corresponding decrease in air density. In
addition, emphasis on the-attainment of higher and
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higher speeds necessitated intensified study of means
for minimizing the external and internal drag losses
of internal flow systems.

Early in 1941, a special group was established at the
Langley laboratory for the correlation and dissemina-
tion of information on the aerodynamics of power plant
installations. This group worked directly with repre-
sentatives of the various manufacturers in the design
of new power plant installations to insure the incor-
poration of the latest research developments in the
design of new airplanes. The special problems involved
in the design of wing inlets were studied in & number
of investigations at both the Langley and Ames lab-
oratories. The general principles were established
through which such inlets can be designed for high-
pressure recovery without penalizing the maxzimum
lift, the drag, and the critical speed of the basic wing.
Work on the well-known NACA cowling for radial
engines was extended during the war years by the
development of a comprehensive series of high-critical-
speed nose inlets, Systematic investigations of air in-
lets Jocated in the nose of fuselages or nacelles have
established the general principles of design for such
inlets. Design charts have been prepared that permit
the selection of these inlets to have high pressure re-
covery and high critical speed for the required inlet
flow velocity.

An investigation of jet-nacelle installations on swept
and unswept high-speed wings was conducted in the
Ames 16-foot high-speed wind tunnel, and indicated
that centrally-located nacelles caused less drag and
smaller effects on the span-load distribution than do
underslung nacelles. A number of investigations were
conducted at the Langley laboratory in an attempt to
increase the aerodynamic efficiency of air scoops through
the removal of the boundary layer ahead of the scoop
inlet. Boundary layer removal slots and scoops were
developed and applied to a number of installations.

A project of timely importance was the elimination
of a severe rumble which developed in the radiator duct
of one of the high-performance fighters used during
the war. Modifications to the inlet scoop and the dif-
fuser by tests of the full-scale airplane mounted in the
Ames 16-foot wind tunnel successfully eliminated the
rumble and saved time in starting production on the
airplane during a critical stage of the war.

One of the most promising inlet types for supplying
air to jet engines located in the fuselage of a high-speed
aircraft is an entrance which is located rather far aft
of the nose of the fuselage and submerged below the
basic fuselage contour. An investigation of submerged
air inlets at the Ames laboratory has shown that excel-
lent internal-flow characteristics may be obtained
through careful design. From a systematic study of
this type of entrance it was found that by diverging

the walls of the ramp as the submerged entrance was
approached, appreciable increases in pressure recovery
could be obtained. This was found to be due to the fact
that the divergence of these walls caused much of the
boundary layer which is found next to the fuselage
surface to flow around the duct instead of down the
ramp. The entries developed were also found to pos-
sess excellent critical speed characteristics.

Specific investigations of air exits during the war
demonstrated the necessity for adherence to the pre-
viously established design principles. An adequate
theory was recently developed at Langley to cover the
special case of the ejector-type exit which was intro-
duced during the war years.

Since aircraft space limitations invariably require a
duct system far from ideal, extensive studies, both from
the general and specific viewpoints, have been under-
taken to reduce or eliminate the losses in the power-plant
duct system. Analytical and experimental studies have
also been made to determine the effect of compressibility
and heat absorption on duct performance.

The development of blade section shapes for axial-
flow fans, compressors, and turbines has been impeded
because of the difficulty in examining the airflow over
the blades of rotating machines. Isolated airfoil data
cannot be used because of the large interference effects
present with the close blade spacing commonly used in
compressors and turbines. Stationary cascades of air-
foils have therefore been utjlized at Langley to obtain
detailed information on the flow and pressure distri-
bution over compressor blades.

Compressor blade sections derived from the NACA
65-series airfoil have been tested in cascade at low air
speed, and the results consolidated in design charts, from
which the optimum section camber and the optimum
angle of attack may be obtained from any desired turn-
ing of the air and operating stagger solidity. Low-
speed tests in a rotating blower have verified the pre-
dicted turning angle and optimum operating condition.
The experimental cascade development of compressor
blade sections has recently been extended to high speeds
(relative Mach number=0.83). It was found that there
is little change in the turning angle for a given blade
setting, and that the angle for optimum operation was
the same as for low speeds in the Mach number range
below shock stall.

Similar cascade data have been obtained for applica-
tion to the design of entrance vanes for axial flow com-
pressors or turbines. A new theoretical procedure for
calculating the incompressible potential flow about
arbitrary cascades of airfoils has recently been devised.
The. primary virtue of the new method is the relative
ease and rapidity with which cascade blade pressure
distributions can be completed.
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CONTROL AND STABILITY AT TRAN-
SONIC AND SUPERSONIC SPEEDS

Control and stability problems in the transonic and
supersonic speed ranges have been attacked by various
means during the interval since the start of the war.
The most urgent problems of-fighter behavior at high
speeds were attacked initially in high subsonic wind
tunnels and by flight tests of the particular airplane
concerned. In the later war years, new methods, unique
in the world, were used at Langley for studying basic
stability and control problems at speeds through the
speed of sound for application to guided missiles and to
inhabited aircraft as well. These new methods, the
NACA wing-flow method and the use of rocket-pro-
pelled models, have been described in a previous section
under “Improvement-of Test Methods and Development
of New Equipment.”

At high subsonic speeds, conventional fighter aircraft
experience uncontrollable diving tendencies and in
some Instances, aileron controls either overbalance with
attendant wing failures or vibrate in a manner similar
to wing-aileron flutter. The phenomenon responsible
for this behavior has been studied in wind tunnels, in
full-scale flight, and by the NACA wing-flow method.
At speeds of-approximately 80 percent of the speed of
sound, thick wings suffer a marked lossin lifting
capacity. This loss of)ift, with the corresponding loss
of downwash at the tail, results in tremendous increases
in the control force required for dive recovery. Wind
tunnel and flight tests, the latter performed by the Army
Air Forces, showed that positive dive recovery could
be provided by relatively small flaps located inboard
on the wing, close to the leading edge. Later work has
shown that the diving tendency can be relieved and even
reversed by the use of a reflesed trailing edge of the
wing itself,

Stability and control data from wind tunnel tests and
from piloted flight tests are not avaliable at speeds
greater than 0.97 of the speed of sound. By means of
NACA wing-flow studies and tests using rocket-pro-
pelled aircraft models, the nature of the problem has
been observed and means established for correcting
some of the difficulties in connection with flight through
the transonic range to speeds greater than the speed of
sound. Wing-flow tests show that conventional flap-
type controls lose their effectiveness in the speed range
immediately surrounding the sonic speed. Free-flight
iests of rocket-propelled aircraft models indicate a com-
plete loss of control in passing from a Mach number
of 0.98 to higher speeds. It also appears that the effects
of wing camber are lostas the speed of sound is ap-
proached, and undesirable longitudinal trim change
results.

Wing-flow tests have shown that the use of sweepback
maintains control effectiveness in the speed range
through the speed of sound, and rocket-powered models
with swept=back wings have been flown under automatic
control to the speed of sound. It-has been found that
in the speed region where conventional flaps lose their
effectiveness, the controls become overbalanced. At
higher speeds, the controls again become stable, but
very heavy stick forces are indicated. NACA wing-
flow measurements have indicated that for these con-
ditions, sweep-back has the effect of delaying or mini-
mizing these changes. Transonic control surface flut-
ter, when observed by tests on rocket-propelled test
models, appears to be delayed by use of sweepback but
not necessarily prevented. Apart from the use of
sweepback, tail surfaces of the all-movable type are
indicated as a definite possibility for transonic and
supersonic control. Aerodynamic data; show that all-
movable surfaces will provide control through the com-
plete speed range; the problems in their use appear to be
largely in structural design and in the required control-
booster systems.

HYDRODYNAMICS

Basic hydrodynamic research has been focused sharply
on applications to seaplane design and operation.
The over-all accomplishment -in this field in the last
6 years has been the broadening of scope of the research
to include hydrodynamic stability and general sea-
worthiness as well as the primary subject of hydro-
dynantic forces. The timing of this change was such
that the results obtained could be applied directly to
the solution of urgent problems during World War II.

Systematic researches in the Langley tanks on the
principal design parameters of seaplane hulls were
highlighted by the establishment of fundamental rela-
tionships between the loadings and proportions in terms
of the chief operational qualities of most concern. The
results led directly for the first time to means of-isolat-
ing the fundamental parameter of length-beam ratio,
which previously had been obscured by simultaneous
variations in hull size.

Other factors explored by the investigation of related
families of hull models included the effects of dead-
rise, step depth and plan form, afterbody angle and
length, chine flare and chine rounding, step fairings,
planing flaps, and propeller location. The important
relationship between afterbody ventilation and hydro-
dynamic stability was discovered and extensively
investigated.

The-results of the fundamental researches named
were applied to the accelerated development in the
tanks of such famous wartime seaplanes as the Catalina,
Coronado, Mariner, and Mars.
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In the case of a 400,000-pound cargo flying boat, laid
down for the movement of the heaviest military equip-
ment over vast distances, the builders worked closely
with the tank staff in the preliminary design with the
result that no large changes in the hull were required
at any stage in the development to obtain superior hy-
drodynamic and aerodynamic qualities.

In addition to the urgent military developments, a
novel hull form was originated which was shown to
have the lowest water resistance yet obtained in a tank.
This form, termed the planing-tail hull, has also met
all stability and aerodynamic drag standards.

The literature on the hydrodynamic characteristics
of the planing surface, which is the fundamental lift-
ing element for the surface of the water, was enlarged
by the evaluation of the stability derivatives associated
with seaplane “porpoising,” and by the systematic in-
vestigation in the tanks of the stability of simple sur-
faces, singly and in tandem. This research led to
methods of satisfactorily predicting the lower trim limit
of stability of a seaplane hull, and to & means of isolat-
ing the effects of various hydrodynemic or serodynamic
derivatives on the stability limits.

The available knowledge on the hydrodynamic char-
acteristics of submerged hydrofoils was enhanced by ex-
perimental investigations of practical combinations at
water speeds up to 60 miles per hour. It was possible in
the closely controlled tests in the.tank to measure the
effects on the hydrodynamic lift and drag of dihedral,
partial submersion, tip shape, leading-edge shape, bi-
plane interference, and strut interference. A special
low camber section was developed which delayed the
onset of cavitation to higher speeds in a manner analo-
gous to delay of the critical compressibility speed for
airfoils.

WARTIME APPLIED AERODYNAMIC
RESEARCH

ATRCRAFT PERFORMANCE

During the war years of 1940 to 1945, considerable
effort was expended by the NACA in studies of means
of reducing the drag of aircraft and otherwise improv-
ing their performance. The Langley full-scale wind
tunnel and the Ames 40- by 80-foot wind tunnel are well
adapted to such investigations. Full-scale wind-tunnel
investigations involved the drag evaluation and cleanup
of 28 military airplanes.

Investigations of a similar character were carried out
in flight with several airplanes, generally as a supple-
ment to the investigations conducted in the wind tunnels.
In many cases, it was possible to apply remedial modi-
fications, although in most cases the optimum configura-
tion could not be realized by practical modification of

the airplane during the tests. Such investigations,
however, assisted in improving aerodynamic design
generally in industry to the extent that little reduction
in drag can be realized with regard to the basic airplane
of today.

Fundamental information gathered in various facili-
ties at Langley and Ames was also especially valuable
in indicating effective solutions of the problems of the
detailed design of such elements as cowlings, coohng
installations for both liquid and air-cooled engines,
scoops for carburetor intakes, and intercooler and oil
cooler scoops and ducts. It was shown that the detailed
design of the airplane determined its aerodynamic clean-
ness to a far greater extent than the original selection of
a basic combination of fuselage, wmg, tail unit, cockpit
enclosure, power plant and accessories. The repetition
of inefficient design features on many of the airplanes
investigated prompted the publication first in 1940 and
again in 1945 of summary reports which analyzed the
available results and presented them as 2 guide to de-
signers. Unnecessary drag was found to result from
projection of various items outside the basic contour,
from roughness of surfaces, from unintentional leakage
of air through the airplane structure, and from the use
of large quantities of excess air for various cooling
functions.

It was also pointed out that as airplane speeds in-
creased gradually from about 300 miles per hour at the
beginning of the war to about 500 miles per hour at
the close of the war, the importance of good detail
design and of maintaining adequately smooth surfaces
over a]l the airplane increased accordingly. Investi-
gations designed to reduce the drag of component parts
of the aireraft have also been conducted. Application
has been made of the principles of laminar airflow to
attain low-drag wing-nacelle combinations suitable for
high-speed bombers and transports.

An important aid in the performance of high-speed
tactical airplanes is turning performance. A method
was developed which enables the design engineer to
caleulate the turning performance of an airplane accu-
rately. At high speeds and high altitudes, turning per-
formance is greatly affected by changes in the maximum
lift coefficient attributable to changes in Mach and
Reynolds numbers. Consequently, an investigation has
been made of the effect of Mach and Reynolds numbers
on the maximum lift coefficients of a number of air-
planes. Studies have also been made of the basic ele-
ments of aircraft with a view to the avoidance of ad-
verse effects of compressibility.

STABILITY AND CONTROL

The need for quantitative design criteria for describ-
ing those qualities of an airplane that made for satis-
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factory controllability, stability, and handling charac-
teristics had been realized for some years before the
war. The NACA, therefore, undertdok a program of
research to increase the fundamental information on
this subject, and to establish quantitative requirements
for satisfactory flying qualities. The program required
the construction of special research equipment and in-
strumentation, and the development of new techniques.

With the aid of this special instrumentation, meas-
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velopment of the dive-recovery flap and the more recent
stabilizer flap, which permits the pilotto effect & recov-
ery from a high-speed dive.

An analysis of flight test results on numerous air-
planes indicated that the rate of change of-elevator
deflection with airplane angle of attack bears a very
close relation to the pilot’s opinion of the longitudinal
stability characteristics of an airplane. A desirable
form of this parameter has been determined and a

urements of the flying qualities of approximately sixty —mmethod derived for proportioning the horizintal tail.

airplanes have been conducted by the NACA since 1939,
The airplanes tested include representative bomber,
transport, fighter, and commercial types, and range in
size from light airplanes to the largest bombers. From
the fund of information accumulated in these investiga-
tions, it has been possible to prepare a set of require-
ments for satisfactory flying qualities in terms of quan-
tities that may be measured in flight-or predicted from
wind-tunnel tests and theoretical analyses, When an
airplane meets the requirements which have been estab-
lished by the NACA, it is fairly certain that-it will
be safe to fly and its handling characteristics will be
desirable from the pilot’s standpoint. The NACA re-
quirements for satisfactory handling qualities ere
adopted By the Army and Navy during the war and
used as a basis for specification and selection of satis-
factory combat aireraft.

During the war, defects in stability and control char-
acteristics of military airplanes were evaluated quanti-
tatively by flight tests. The accumulated information
on stability and control indicated the cures for these
difficulties. This information is now available to in-
crease the safety of personal airplanes, and to provide
for more efficient operation of transport aircraft.

Since the publication of the original requirements for
satisfactory flying qualities, additional research has
been conducted on certain problems, such as control
characteristics in rapid maneuvers. Theoretical work
has also contributed to the understanding of these prob-
lems. The problems associated with instrument flying
and blind landings of transport aircraft are of primary
importance at present: The information now available
on handling qualities allows a logical approach to the
solution of these problems,

An extensive program was undertaken to study the
stability and control of a large number of-aircraft-at
high subsonic speeds to—determine the effect of com-
pressibility. Asa result of these investigations, some of
which were conducted in flight and others undertaken in
the various wind tunnels of the Committee, not only were
the faulty characteristics of the specific airplanes cor-
rected, but information of & general nature applicable
to new and future aircraft designs were obtained. In
this category is & study of the problem of longitudinal
stability and control athigh speeds, which led to the de-

A method has also been developed for predicting from
basic airplane characteristics the elevator deflection re-
quired tomaintain the optimum landing attitude. Wind
tunnel results on vertical tail surfaces have been used to
develop a method of proportioning the vertical tail in
order to meet specified criterions of directional stability
and control.

Theoretical analyses have been made of the relation of
the elevator and rudder hinge moment parameters to
airplane stability with controls free and to transient -
elevator control forces in rapid maneuvers. A. more
accurate method based on lifting surface theory has
been developed for predicting the control forces obtained
in given flight conditions from a knowledge of the geo-
metric shape of the control surfaces. Methods have
been developed for reducing these control forces to de-
sirable values by use of-suitable types of areodynamic
balance.

Analyses have been made of the application of servo-
mechanisms to reduce the- control forces. One mech-
anism of this type, the spring tab, has been shown by
analyses made at the NACA to be particularly desir-
able for application to large airplanes. A method for
predicting stick forces for elevators with spring tabs
has been developed.

An analysis has been made of the effects of distortion
of the control surfaces resulting from air loads, This
analysis indicates means of avoiding undesirable effects
of-this distortion on the control forces.

Work on flap-type lateral-control devices has been
extended to cover the selection of the optimum aileron
plan form from considerations of maneuverability and
control forces. Also, a method has been derived for
determining the aileron size and deflections required
to meet-a given standard of performance for a wing
of any known rigidity. The speed at which aileron con-
trol is lost because of wing twist; known as aileron
reversal speed, also can be predicted with reasonable
accuracy. Investigations have been made of a large
number of lateral-control arrangements for use with
full-span or nearly full-span flaps. One such arrange-
ment -hag been successfully applied to 2 production
military airplane.

The war years have seen a substantial improvement
in the understanding of the effects of various basic
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stability factors on the flying characteristics of air-
planes. Much of the experimental work to achieve this
end was performed in the Langley free-flight tunnel,
where the effects on the flying qualities of free-flying
models may be observed as the basic stability factors are
varied independently. An investigation of the effects
of the center of gravity location and damping in pitch
showed that the longitudinal flying characteristics of an
airplane are virtually independent of the damping in
pitch, and are almost entirely a function of the center
of gravity location which determines the static longi-
tudinal stability. Tailless airplanes thus appear to be
as satisfactory for consideration of longitudinal stabil-
ity as airplanes with horizontal tails.

Investigations were made to determine the effect of
wing loading, mass distribution, lift coefficient, dihedral
effect, directional stability, lateral area, and damping
in yaw on the lateral flying characteristics. The re-
sults of these investigations showed that if the effective
dihedral and the directional stability were properly
proportioned, the lateral flying characteristics would
be good, regardless of reasonable variations in the values
of the other factors.

In addition to the factors previously mentioned, it
is necessary that an airplane have good stalling char-
acteristics. The loss of lateral stability and the attend-
ant wing dropping tendency are perhaps the most
serious features caused by wing tip and asymmetric
stalling, and can generally be avoided by proper design.
A method has been developed for using actual two-
dimensional airfoil data to predict the maximum lift
and stalling characteristidd’ of plain wings. Of the
variables considered, taper ratio has probably the great-
est effect on the spanwise location and progression of the
wing stall.

As a result of a large number of flight and wind tun-
nel tests made during the past several years, an analysis
is continuing of the effect of fuselage or nacelles and
propeller slipstreams on the stalling of wings. An
extensive program on the stability and control char-
acteristics of highly-swept wings of interest in connec-
tion with high-speed aircraft design has also been con-
ducted. The effect of the angle of sweep on the efficiency
of flaps and ailerons has also been investigated.

AUTOMATIC STABILITY AND CONTROL

Automatic stabilization systems had been applied to
man-carrying aircraft prior to World War II, and the
advanced development of such systems posed no great
problems at that time. The use of the automatic equip-
ment was optional and the human pilot could readily
correct errors. Consequently, such a system was readily
developed by trial and error methods.

The introduction of the guided missile as a military

weapon during the war years altered the entire picture.
A missile without adequate stabilization was merely an
expensive projectile; with satisfactory stabilization,
however, it was a weapon with limitless potentialities.
Extensive research Into automatic stabilization and
control problems was required to exploit missile poten-
tialities. Accordingly, the NACA attacked the prob-
lem along theoretical lines and the classic stability
theory was expanded to include mathematically the
action of the stabilization apparatus. The expanded
theory was immediately applied to specific military
projects with highly satisfactory results.

Experimental work on autopilot systems during the
early war years took the form of wind tunnel investiga-
tions. In more recent years, full-scale flight research
tests of automatic stabilization systems have heen con-
ducted. This work has now resulted in significant
improvement in the design and action of automatic
pilots at high velocity, and has resulted in the develop-
ment of an automatic pilot capable of roll stabilizing
up to sonic speeds.

AIRCRAFT LOADS

Accelerated production and increased performance of
new military designs early in the war brought many
serious structural problems. These problems were
mostly associated with the unknown nature and magni-
tude of the loads impressed upon the structure under
new conditions of operation caused by changed military
tactics, by increased flight speeds, and by increases in
airplane size. Numerous failures of several new models
occurred as these airplanes were placed in operation.
It became urgently necessary, therefore, to discover the
causes of the failures and to correct the designs before
production had become too far advanced. These fail-
ures, together with the continued development of new
military designs during the war, pointed to the need
for increased effort on fundamental loads research and
for procurement of specific loads data during develop-
ment tests of the new designs in wind tunnels. Research
on structural loads therefore fell into three principal
categories during the war—determination of the causes
of structural failures of airplanes that went into service
early in the war, fundamental research on all phases
of structural loads, and procurement of loads data
applicable to the design of airplanes still under
development,

Early production models of an important long-range,
high-speed fighter aircraft experienced frequent tail
failures. These failures posed one of the war’s first and
most urgent loads problems. Maneuvering loads, load
distribution, buffeting loads, compressibility effects, and
flutter were all extensively investigated either by ana-
Iytical procedures or by wind tunnel and flight tests.
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As a result of these studies, the rudder was redesigned
with metal covering to ehmmate fabric bulging and a
high-frequency vibration of the trailing edge. New
design loads were also established for both the hori-
zontal and vertical tail surfaces and the tail and fuselage
structures were correspondingly reinforced.

Tail and wing.failures occurred in experimental ver-
sions of a Navy dive bomber during test dives at high
speeds. The-aerodynamic derivatives for the calcula-
tion of dynamic tail loads in dive pullouts were estab-
lished by wind-tunnel tests. Load studies to verify the
calculated maneuvering tail loads and measurements of
wing stresses and pressure distribution to determine the
effects of compressibility were made in flight. An an-
alysis of the combined effects of wing skin wrinkling
and of compressibility on the breakdown of air flow over
the wing indicated the cause of the tail buffeting. Asa
result, subsequent failures were eliminated by rein-
forcing the horizontal tail to. provide an adequate mar-
gin of strength for maneuvering and buffeting loads.
By adding local reinforcements and by using heavy
gauge skin in the wing structure, wrinkling of the wing
skin was prevented.

A Navy torpedo bomber which experienced wing
failures during training and combat flights was also ex-
tensively investigated in flight—and high-speed wind-
tunnel studies. The failures were found to be due to a

combination of circumstances, including occasional tor-.

sional weakness of a wing resulting from variations in
construction, large aileron deflections at high speeds
resulting from flexibility of the control system, and
operating speeds in excess of that for which the airplane
was designed. In some cases, failures were not—catas-
troph1c and were confined to such items as cockpit
canopies and gun-turret domes. Through flight tests,
complete pressure distribution investigations were made
on cockpit canopies and gun-turret domes, and the
results were utilized as a gulde for the design of such
items:

Tail failures on an important four-engine, long-range
bomber led to an extensive investigation of the pressures
and stresses occurring on the aircraft both in flight and
in landing. In this particular investigation, the pri-
mary cause of the failure was found to be a large ampli-
tude bending vibration of the tail in resonance with the
fore and aft vibrations of the landing gear induced by
the frictional drag impulse in landing.

The several tail failures specifically investigated by
the NACA, together with a number of tail failures on
other military airplanes, indicated that one of the
gravest and mast urgent aeronautical research problems
‘was to establish methods for the accurate prediction of
tail loads in maneuvering flight. In addition to being
one of the most urgent problems, it was also one of the
most difficult because aircraft tail loads are the-result

of a complex combination of many aerodynamie, kine-
matic, and vibration phenomena, some of which in
themselves, such as compressibility, still require exten-
sive studies. Numerous aspects of tail loads were never-
theless investigated at both the Committee’s Langley and
Ames laboratories in an effort to approximate 2 funda-
mental solution to the problem. After extensive studies,
it was established that a basic change in flow phenomena
had taken place which had led to the structural failures.
This basic change was shown to be a breakdown of air
flow over wings as a result of compressibility phenom-
ena, Although the operating conditions of speed, load
factor, and altitude were each not extreme, they com-
bined in such a manner that with the high wing loadings
of military airplanes, the wings were operating a{ con-
siderably increased values of unit load or pressure as
compared with the values for prewar designs. Flight
investigations were undertaken at Langley covering a
wide range of Mach numbers and lift ceefficients fo
establish the relations between minimum pressure co-
efficients and the break-down of the air flow. With these
results, and in conjunction with the use of available -
theoretical treatments of compressible flow, semi-

empirical relationships between pressure coefficient, lift

coeficient, and Mach number defining the break-down

of the air flow were established. From such relation-

ships, diagrams could be drawn defining the operating
conditions of altitude, speed, wing loading, and load

factor at which flow break-down, changes in airplane

pitching moment, and buffeting would occur. Such

diagrams, showing the “stalling” and “buffeting bound-

aries,” were correlated with experiences in many tail

failures and served to define further the important items

of the tail load problem.

Studies were also directed toward the development
of convenient methods for solving the equations of
maneuvering flight for arbitrary controlling motions;
toward the examination of the adequacy of wind tunnel
and estimated values of stability derivatives and other
aerodynamic parameters; and toward the establishing
of limited and actual control motions. As a result,
means for estimating tail loads resulting from manipu-
lation of-the control surfaces have been established.
Important tail loads were found to result-further from
maneuvers, such as rolls, in which the movement of
the tail control is notw primary variable,

Abnormal wing load distributions following break-
down of the air flow at the buffeting boundary was
studied as the cause of the failures of the wings of
several military aircraft: As a result a method was
developed for obtaining approximate spgn load dis-
tributions at supercritical speeds through the applica-
tion of wing section characteristics for high Mach
numbers.
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Other work on aerodynamic loads included the devel-
opment of a theoretical method for deriving span load
distributions over swept wings, and the use of wind
tunnel and flight results, together with a theoretical
analysis to establish a generalized method for the esti-
mation up to the critical Mach number of the pressures
on the canopies, gun turrets and blisters on military
aircraft.

Inertia loads developed in various parts of the air-
craft structure during landing impact became of in-
creasing importance as the result of the increasing size
of bombardment airplanes and because of the practice
of carrying concentrated weights at extreme positions,
such as wing tips.

In an earlier portion of this report, mention was
made of the tests on a large four-engine bomber to
determine the cause of tail failures which were later
established as resulting from resonance between the
landing gear and the horizontal tail. The data ob-
tained during these tests were analyzed in generalized
terms in order that the most comprehensive picture of
the range of variations of the numerous parameters
affecting the landing impact could be obtained. In this
same connection, consicderable research has been under-
taken in the Langley impact basin on the load distribu-
tion on seaplane hulls resulting from hydrodynamic
impact in landing. This work is discussed further
in later sections.

Although research on atmospheric turbulence and gust
loads was curtailed during the war because of the
urgency of other loads investigations, considerable work
was nevertheless accomplished. Part of this work is
reported in the section on operating problems. Infor-
mation was obtained on' the gust structure, gust in-
tensity, airplane behavior, and associated meteorological
conditions from which it has been established that gust
loads of high magnitude were equally probable at all
altitudes within thunderstorms up to the maximum test
altitude of 84,000 feet.

Through the use of the Langley gust tunnel, 2 number
of investigations were made of the reactions of air-
planes to gusts having known characteristics. Statis-
tical data on gust loads.during transport operations
were collected through the use of the NACA V-G re-
corder and this information, together with previously
collected data, were subjected to a number of analyses;
the problem of overloaded airplanes was investigated;
data on the frequency of the occurrence of gusts of vari-
ous intensities were analyzed and reported.

Some research was conducted to devise means for the
circumvention of turbulence either by avoidance or by
alleviation. During this investigation a gust-allevi-
ating flap device was tested in the Langley gust tunnel.

In addition to investigations undertaken to determine
the causes of structural failures and to researches of a

fundamental nature, considerable effort was applied to
measurements of structural loads for specific designs.
Many wind-tunnel tests conducted primarily for the
development of prototype airplanes or major com-
ponents thereof yielded extensive air loads information.
In addition, flight measurements of loads distribution
and analytical investigations of loads on the tail, bomb-
bay doors, and structures for housing radar and other
operational equipment on military airplanes were under-
taken. While most wind-tunnel investigations con-
ducted during the war on models of complete airplane
configurations were directed at the determination of
aerodynamic parameters affecting performance and
stability and control, considerable information regard-

ing the air loads distribution was also obtained. In

this connection, large amounts of data were amassed on
the total loads and load distribution on various wing,
flap, and control surface arrangements. Pressure dis-
tribution measurements on wing inlets, cowlings, and
scoops to investigate their aeredynamic and cooling
efficiencies likewise yielded information as to the struc-
tural loads which these parts would be required to with-
stand.

HELICOPTERS

The war years have seen the development of the heli-
copter from a purely experimental aireraft to a machine
having performance and handling characteristics which
make it valuable for specialized military and commereial
purposes. While considerable effort was spent in
evaluating and improving existing designs for the armed
forces, the Committee also was able to aid in the funda-
mental development of the helicopter by experimentally
and analytically investigating the problems which
vitally affected the craft in its early stages of develop-
ment, and to lay a foundation for future hehcoptel
research

One of the most significant contributions made by the
NACA to the science of rotary-wing aireraft is a refined
yet easily applied general rotor theory. The method of
analysis developed in this connection was used in pre-
paring a much needed series of design charts sum-
marizing the effect of changes in the major variables on
the characteristics of a helicopter design. Flight and
wind tunnel experimentation, as well as analytical
studies, disclosed the nature of some modifications of
rotor blade size and conﬁguration, driving gear ratio,
and engine supercharging, which made possible sub-
stantial increases in the general performance of ma-
chines of the type investigated.

Studies were also made of the effect of blade twist,
plan form, rotor tip solidity, and type of airfoil section,
by analyses which indicated the manner in which ad-
ditional gains in efficiency could be affected by proper
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design. The full-scale experimental data obtained also
were used in checking and extending existing rotor
theory. In view of the specialized flow conditions en-
countered in the rotor, a series of airfoil sections de-
signed particularly for use on helicopters was developed.

Considerable attention was also devoted to the vibra-
tion problems which are peculiar to the helicopter. One
of the most dangerous of these problems which was in-
vestigated and solved was the phenomenon known as
“ground resonance,” which, prior to NACA studies, was
responsible for the destruction of several rotary-wing
aircraft. The-problem of rotor blade flutter has also
been investigated and a theory established in this
connection.

SPINNING

Approximately 120 different military designs have
been investigated in the Langley spin tunnel since 1940.
In numerous instances, the spin tunnel results have in-
fluenced the final design of military airplanes. Based on
the results which have been obtained during the spin
tunnel tests, it has been possible to establish tail design
requirements which indicate the minimum requirements
for satisfactory recovery from a spin. The influence of
the mass distribution of an airplane upon the effect of
rudder, elevator, ailerons, and slots in spin and recovery
has also been investigated.

A criterion has been established which combines
values of design parameters with the airplane mass dis-
tribution and relative density. The minimum size of
spin recovery parachutes required for emergency re-
covery from the spin has been determined from models.
Control forces acting in the spin have been investigated
on numerous models; also the effect of tail position on
rudder hinge moments required for spin recovery. In-
formation on angular velocities é¢ncountered during
spins has also been determined. Spin tests have been
extended to determine the best method of pilotescape
from an uncontrollable spinning airplane. Inverted-
spin characteristics have been summarized on the basis
of existing information.

SEAPLANE DESIGN

In the design of seaplanes, the research objective has
been to establish the fundamental parameters associated
with various hydrodynamic qualities with a view toward
establishing design criteria for the components of the
airplane which can be varied to achieve the desired over-
all performance. This objective has been reached in
several important respects with the result that, as in
the case of flying and handling qualitieés in the air,
the research staff, design engineers, and pilots were able
to proceed along parallel lines to obtain significant im-
provements in water-based aircraft.

The established dependence of take-off stability on the
trim has*provided a useful criterion for all the com-
ponents affecting the longitudinal moments; that is,
the moments must be balanced to obtain stable trims
throughout the take-off speed range. When this bal-

-ance has been obtained, the travel of the center of grav-

ity for take-off is limited in the same way as for
aerodynamic stability and control.

The tank research has shown that the most powerful
hull parameter influencing the location of the hydro-
dynamic stable range is the fore and aft location of
the step. Designers for sometime have therefore been
able to locate the step with respect ito the wing by
this means, and costly mistakes in design have been
avoided by determining the-step location for stable
take-offs on the basis of tests of models having all the
moment-producing components properly simulated.

Tank research has established the dependence of land-
ing stability on the afterbody ventilation, particularly
that afforded by the depth and shape of the step, and
the farm of the afterbody adjacent-to it. The appli-
cation of this relation has proved to be useful in hull
design and has resulted in marked improvement in the
stability of the newer flying boats. In one wartime
case the application of ventilation ducts based on the
research findings made the use of approximately 300
four-engine flying hoats practicable in the transporta-
tion of vital military personnel and supplies, even for
night landings where the craft must descend on a steady
glide path until the water is contacted.

With the military overloading of several naval flying
boats, the resulting heavy spray seriously limited the
seaworthiness and increased maintenance time. Meth-
ods were developed in the tanks for spray control which
assisted in keeping the spray out of the propellers and
off the aerodynamic surfaces. For one flying boat-
originally designed for 46,000 pounds gross weight,
spray strips were developed in the tank which enabled
take-offs at an overload of 76,000 pounds to be made
without spray damage.

In a broader sense, research on spray has indicated the
most favorable shape for spray-control devices, and an
efficient form of “butterknife” chine suitable for retrac-
tion has been evolved. It has also been shown that the
general seaworthiness is largely a function of the rela-
tionship of the loads and proportions decided upon in
the preliminary design stage, thus affording useful
criteria for the beam loading and length of forebody
in the newer designs.

Emergency open-sea operations in the war demon-
strated the importance of rough-water seaworthiness for
naval aircraft. Methods have been developed for simu-
lating the most severe maneuvers with models in the
tank and criteria have been set up as a basis for design
improvements for seaplanes designed to “go with the
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fleet.” One important research finding has been that a
very long afterbody greatly reduces the normal accelera-
tions and “ballooning” during landings in waves.,

Prior to the war, adequate information on seaplane
landing loads wasnon-existent. Impact basin equipment
had been constructed at Langley so that accurate data
could be obtained under controlled conditions. Steps
had been taken toward the improvement of existing
theories. During the war, the impact basin was placed
in operation, and much progress was made in experi-
mental and theoretical research on seaplane landing
loads. Several fundamental relationships were firmly
established. The impact basin was also used in specific
tests to obtain design data for naval seaplanes.

PROPULSION RESEARCH
PROPULSION SYSTEMS

Intensive research activity in the past few years has
resulted in the more rapid advancement of propulsion
systems than at any previous period in aeronautical his-
tory. A transition from researches for peak develop-
ment of the reciprocating engine to fundamental re-
searches on new high speed propulsion methods has been
in progress. The period has been marked by the de-
velopment of reciprocating engines of high power and
efficiency and by the birth and development of gas tur-
bines, ramjets, and rocket engines. Many of these
achievements can be directly traced to the expansion of
research effort in this country in the field of propulsion.

At the beginning of fiscal year 1940, research on air-
craft propulsion systems was conducted for the Com-
mittee by the Power Plants Division at the Langley
laboratory, at the National Bureau of Standards, and by
various educational institutions on contract. In August
1939 the Special Survey Committee on Aeronautical
Facilities recommended that the Committee construct a
new engine research laboratory at the earliest possible
date. A special committes on Engine Research Facili-
ties submitted plans for a new aircraft propulsion labo-
ratory. The new laboratory was approved by the Com-
mittee and the President and was authorized by Con-
gress on June 26, 1940. Work on construction of the
Aireraft Engine Research Laboratory at Cleveland,
Ohio, was started immediately. The first research
project at the new laboratory was initiated on May 8,
1942,

From 1940 through 1942 the research personnel and
equipment of the Power Plants Division at Langley
Field were increased to a maximum commensurate with
the facilities available. The Power Plants Division,
prior to 1940, was primarily concerned with funda-
mental problems of increasing the power, the efficiency,
and reducing the fuel consumption of reciprocating air-

craft engines. At the outbreak of the war, the engine
research of the Power Plants Division was shifted to
specific problems of increasing the power, the efficiency,
and the reliability of military aircraft engines in the
development and production stage. These aircraft
power plants were all reciprocating engines.

During 1948 the program of research on the recipro-
cating engine for military use was greatly expanded as
the research facilities at Cleveland were completed.
The program on fuels and combustion studies started at
Langley Field was continued at Cleveland on a more
extensive scale. The need for fuel research was par-
ticularly acute because of the tremendous increase in the
quantities of fuel required by the military forces. In-
vestigations were started on lubricants and on the funda-
mentals of lubrication. As rapidly as the engine re-
search building facilities became available in 1943 and
early 1944, research projects concerned with complete
engines, components of the engine, and auxiliaries were
started. By 1944 investigations were being carried out
on all the major components and auxiliaries of recipro-
cating aircraft engines for military use. In addition,
investigations were under way on over-all engine per-
formance, materials, and stresses and vibration in the
laboratory and in flight.

In 1943, interest in the gas-turbine jet-propulsion
engine for military use resulted in the building of two
test cells for ground level investigations. Experiments
were conducted in these facilities on the first type of
gas turbine engine built in this country. When the
altitude wind tunnel was completed early in 1944, the
first investigation was a study of the altitude perform-
ance of the gas-turbine engine installation in a pursuit
airplane. The design of this tunnel was such that gas
turbine engines could be investigated over & wide range
of altitude conditions. The shift in emphasis'from re-
search on reciprocating engines to gas-turbine engines
was made in accordance with the research requirements
of the development program for jet-propelled military
aircraft. The jet-propelled airplane, however, did not
reach service use by this country until the end of the
war.

THERMODYNAMIC RESEARCH

Thermodynamic Properties of Gases

The design of efficient aircraft engines that involve
the use of a gas turbine as'the principal source of power
or as an auxiliary, and the analysis of the performance
of such engines and their components depend on a knowl-
edge of the thermodynamic properties of the working
fluids. Accordingly, tables and charts have been pre-
pared for calculations of the thermodynamic quantities
associated with the steady-state flow processes of gas-
turbine engines and composite engines. The prepared
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charts permit, within the temperature limits used, the
convenient and accurate calculation of the ideal and
actual change of condition of the working fluid and the
mass flow per unit area for each phase of the working
process of a gas-turbine engine and for the auxiliary
turbines and compressors of a composite engine.

Cycle Analyses

Analytical investigations of the turbojet and turbine-
propeller engine cycles have been conducted to provide
information to determine the most effective lines of

research to be followed for improvement of these

engines,

Turbojet engine. An analysis of the turbojet cycle
was made and charts were developed that permit the
rapid and accurate evaluation of the performance of
the system for any given set-of operating conditions and
system parameters. The charts take into account tur-
bine, compressor, and combustion efficiencies; discharge
nozzle coefficient ; losses in pressure in the inlet-duct and
combustion chamber; ambient atmospheric conditions;
flight velocity ; compressor pressure ratio; and combus-
tion-chamber outlet temperature. It was shown that
maximum thrust per unit maess rate of air flow occurs at
a lower compressor pressure ratio than that of minimum
specific fuel consumption; the thrust per unit mass rate
of air flow increases as the combustion-chamber dis-
charge temperature increases. For minimum specific
fuel consumption, however, an optimum combustion-
chamber discharge temperature exists, which in some
cases may be less than the limiting temperature imposed

by the strength-temperature characteristics of present

materials,

Turbine-propeller engine. The analysis of the tur-
bine-propeller system is an extension of the analysis of
the turbojet and parallels it very closely, the design
curves being very similar to those obtained for the tur-
bojet. In this system the turbine power is in excess of
the compressor power and, for any given pressure ratio,
there exists an optimum division of available power
between the turbine and the jet- An expression derived
for the jet velocity gives this optimum power division.

A simplified analysis has also been made of the effects
of intercooling, reheat, regeneration, and combinations
of these factors on the performance of the turbine pro-
peller engines. Results show that intercooling gives &
moderate increase in power with little effect on specific
fuel consumption, reheat causes an appreciable gain in
power with a corresponding rise in specific fuel con-
sumption, and with regeneration only little power is
lost whereas large gains in efficiency are possible. Of
the combination cycles, the addition of reheatand re-
generation to the basic turbine-propeller system ap-
peared the most promising because appreciable gains in
both power and efficiency are obtainable.

Waste Energy Recovery, Reciprocating Engines

Ezhaust jet stacks. A simple method of recovering
some of the energy in the engine exhaust is to fit the
engine with individual exhaust stacks directed to the
rear to utilize for jet propulsion the kinetic energy of
the exhaust gas produced in the exhaust ports by the
residual high pressure in the engine cylinders at the
time of exhaust valve opening.

An investigation wasmadeon a smgle-cylmder engme
to determine the optimum nozzle size for various engine
operating conditions with short straight stacks and with
stacks of representative shapes and lengths. It was
found that data leading to a specification of the opti-
mum exhaust nozzle area could be correlated for each
stack shape.

Flight tests were made on a pursuit-airplane with a
radial engine fitted with jet-stacks. The jetstack instal-
lation increased the flight speed 18 miles per hour (from
814 to.332 m. p. h.) at 20,000 feet as compared with the
collector installation. Additional investigations were
made on other engines and airplanes. The use of jet
stacks, which was ploneered by the NACA, has found
widespread acceptance in British and Amencan aircraft,

00mposzte engine. One of the mosteflicient methods
of recovering exhaust energy is by means of the exhaust=
gas turbine (for example, by a turbo-supercharger).
Additional gains in power and economy can be had by
passing all the engine exhaust gas through the turbine
and using any excess turbine power, over that required
for supercharging, for propulsion of the aircraft. The
optimum division of power between the engine and
turbine is a function of the sensitivity of engine power
to changes in exhaust pressure, operating altitude, power
level, component efficiencies, and other variables.

Investlgatlons on several single and multicylinder
engines were made to determine the effect of exhaust
pressure and other engine variables on the engine com-
ponent: performance The single-cylinder engine in-
cluded liquid and air cooled, two- and four-stroke cycle,
spark- and compression 1gmt1011 engines. The multi-
cylinder engines included an 18-cylinder air cooled en-
gine and a 12-cylinder liquid-cooled engine. Tests were
also made with a 12-cylinder liquid-cooled and a 9-
cylinder air-cooled engine each equipped with a blow-
down turbine, which utilizes the kinetic energy of the
engine exhaust gases in the individual eylinder exhaust
stacks.

From the results of these investigations and from
supercharger and steady-flow turbine characteristics,
the performance of various composite engine systems
was computed,
that substantial reduction in specific fuel consumption
is attained for the various types of composite engine
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investigated regardless of the nature of the basic engine.
The best specific fuel consumptions were attained at
about 30,000 feet by the use of both a steady-flow tur-
bine and a blowdown turbine. Consideration of the
weight of the engine as well as the weight of fuel shows
that, for short flights at low altitudes, the engine with
jet stacks is superior; at altitudes in excess of about
10,000 feet the engine with both geared blowdown tur-
bine and geared steady-flow turbine is superior to all
other types of combinations of piston engines with jet
stacks or auxiliary turbines.

Heat Transfer

Intercoolers. A theoretical study was made of the
cross-flow tubular type of intercooler as based on current
heat trunsfer and pressure loss information concerning
the flow of air through and across tubes. The results
are presented in the form of working charts from which
intercooler designs can be quickly made. The heat
transfer and pressure loss basis for the analysis is sup-
ported by data obtained from a laboratory intercooler
test unit. The prihcipal conclusion indicated by the
study is that, in order to achieve minimum intercooler
size, the heat transferring surface elements should be
closely spaced. In addition, it is indicated that an
infinite number of intercoolers differing in size and
shape can be designed to meet any specified set of
operating conditions. Mathematical analyses of both
the cross-flow tubular and plate intercoolers were ac-
cordingly made, and the results were presented to give
the variation of the intercooler volume, surface, frontal
area, and linear dimensions with variation in core di-
mensions for constant intercooler operating conditions.

A method was evolved for plotting intercooler per-
formance data to permit convenient application of the
data in the design or selection of intercoolers for a
specific applieation. Amn analysis was made of the inter-
cooler power losses in flight to determine the intercooler
cooling air conditions that give minimum total power
loss for any given intercooler cooling effectiveness.

Ezhaust gas heat exchanger. The Committee has
pioneered the use of thermal anti-icing methods wherein
the large quantities of heat contained in the engine
exhaust gas are transferred to air circulated through
the wing and control surfaces. The exhaust gas heat
exchanger is a critical component of such systems. In-
vestigations have been conducted to provide the funda-
mental information required for the development of im-
proved units. From analysis of heat transfer data, a
unit was designed and constructed, and its performance
was investigated in the laboratory under simulated con-
ditions. The results indicated that the heat exchanger
was an efficient and reliable unit, and that existing heat
_ transfer data were suitable for designing such heat
exchangers.

FUELS AND COMBUSTION RESEARCH

Reciprocating Engines

Effect of chemical structure of fuels on knock-limited
power. The tendency of a fuel to knock places-a limit
on the power that can be obtained from a given fuel
in a given engine. In connection with the effort of the
military services to increase the power output of aireraft
engines, a systematic study was made of the effect of
chemical structure of fuels on their knock tendency in
order to discover fuels of superior performance charac-
teristics, A series of 102 hydrocarbons has been pre-
pared and evaluated in small scale single-cylinder test
engines and in a full-scale single-cylinder test engine.
A series of paraffinic hydrocarbons, prepared at the Na-
tional Bureau of Standards, and 80 compounds pur-

chased from commercial sources were also examined as

blending agents. A number of the materials investi-
gated showed substantial improvements in permissible
power over aviation gasoline of 100/130 performance
number.

Fuel-blending relation. In order to avoid the need
for engine tests of every possible combination of high
performance blending agents, the Committee has con-

ducted extensive studies of the relations between blend

composition and knock-limited performance., As a re-

sult of these studies, equations were derived that showed

the approximate knock-limited performance to be ex-
pected when various fuel components were blended.

Special fuel additive. During a critical period of the
war it was imperative that aviation gasoline supplies
be extended by any available means. It was suggested
that the addition of a commercially available additive
(xylidines) to certain gasoline stocks would produce
a satisfactory fuel for use in aircraft engines.

In preliminary studies it was found that the addition
of xylidines to current fuels raised the kmock-limited
performance to such an extent that 15 percent of lower-
grade fuels could be blended into the additive fuel with-
out exceeding the knock limit. Following these prelimi-
nary studies more extensive tests were made in various
types of engine cylinders then being used in military
nircraft.

Special blending agent. A comprehensive program to
evaluate triptane (2,2,3-trimethylbutane) and certain
other high antiknock components for use in aviation
gasoline was undertaken. The program consisted of ex-
tensive studies in small-scale engines, in full-scale single-
cylinder engines, and finally in a multicylinder engine
mounted on a torque stand and in & similar multicylin-
der engine in flight. The résults indicated that triptane
could best be utilized in engines specifically designed to
operate on high-performance fuels but that definite
gains could be realized by its use s a component of fuel
blends for current aviation engines.
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Pre-ignition. A study was conducted on the influence
of fuels on pre-ignition in small-scale single-cylinder
engines. In these particular studies it was found that
increases in compression ratio, spark advance, coolant
temperature, or inlet-air temperature decreased the pre-
ignition-limited performance. '

Fuel-vapor loss. Laboratory investigations indi-
cated that the fuel vapor loss from an aircraft fuel tank
amounted to about 15 percent-of the original fuel load
during a climb to an altitude of 40,000 feét with an
initial fuel temperature of- 110° F. Flight investiga-
tions were conducted to check the simulated altitude
laboratory results. The fuel vapor loss is affected by
type of fuel, fuel temperature, altitude of climb, flight
time, and fuel system. Preventive and recovery
methods were studied in simulated flights.

Jet Propulsion Engines

The research program based on the combustion prob-
lems of jet propulsion engines has two broad over-all
objectives: (1) to obtain generalized results and con-
clusions about combustion applicable to—design, per-
formance, and related practical problems currently
encountered in jet propulsion engines, and (2) to obtain
information leading to the eventual understanding of
the physico-chemical processes in combustion. These
two objectives are not mutually exzclusive, and an in-
vestigation aimed at one generally contributes some-
thing to the other. |

Efect of combustor operating conditions on combus-
tion efficiency. An investigation in the altitude wind
tunnel on a turbojet engine revealed that for each
rotative speed of a turbojet engine an altitude existed
above which the engine would not operate; that-is, the
engine had an altitude operation limit. An investi-
gation was then made of the combustor alone in the
combustion laboratory, where engine combustor con-
ditions could be simulated, and it was found that the
altitude operational limit of the engine could be ex-
plained in terms of the effect of the combustor inlet
conditions on combustion efficiency. It-was found that
independently increasing the air velocity or decreasing
the air temperature or pressure at the combustor inlet
decreased the combustion efficiency. Under some ad-
verse inlet conditions a peak combustor temperature
rise was obtained that was considerably less than the
theoretical temperature rise available and further in-
crease in combustor temperature rise could not be
achieved regardless of increase in fuel flow. The alti-
tude operational limit of the engine coincided with the
conditions in the combustor tests where the peak com-
bustor temperature rise was less than that required for
engine operation. The trends of combustion efficiency
with combustor inlet temperature, pressure, velocity,
and fuel-air ratio determined in these tests were veri-

fied in investigations of additional combustors of both
the-annular and individual tubular types.

Effect of combustor-air distribution on combustor
efficiency. At the request of the Bureau of Aeronautics
of the Navy Department the Committeeinvestigated the
effect of distribution of air flow in the combustor on
combustion efficiency in order to increase the operational
altitude of two turbojet engines. Changes in combus-
tor design were investigated that-provided a larger and
more sheltered zone for the primary air. Asa result of
these design changes, the operational ceiling of the two
turbojet engines investigated was more than doubled.

Ramjet combustion. With ramjet tombustion cham-
bers, investigations were made to determine the criteria
of good flame holders. The influence on combustion of
such geometric variables as amount of area restriction,
size of individual shielded zones, distance of lateral
flame travel between adjacent shielded zones, and pres-
ence of pilot flames is being studied. The effect of dif-—
ferent types of fuel injection is also being studied; an
intermediate degree of fuel atomization and dispersion
with fuel-rich zones coinciding with the shielded zones
behind the flame holders was found to be the better
arrangement in many cases.

High energy fuels for turbojet engines. In addition
to synthesis of compounds for studies in reciprocating
engines, pure compounds of the types desired in turbo-
jet engines are being prepared for investigation in a
turbojet combustion chamber. Special emphasis is be-
ing placed on fuels of high energy content per unit
volume.

Effects of-fuel characteristics on performance of tur-
bojet combustors. Different hydrocarbon types showed
no appreciable differences in performance except in the
case of aromatic hydrocarbons, which gave combustion
efficiencies about 20 percent lower, under some con-
ditions, than other types. Some of the differences be-
tween the performance of different fuels were decreased
by better atomization of the low-volatility fuels, Other
fuel studies showed that the rate of carbon deposition in
turbojet combustors increased with increasing aromatic
contentand with decreasing volatility.

COMPRESSOR AND TURBINE RESEARCH

Centrifugal Compressors

Investigations were conducted on various impellers
to-determine the merits and the effect of changing each
of several design variables. As part of & program to
determine design criteria for impellers, a series of con-
stant angular-acceleration inducers were investigated
both as separate components and in combination with an
impeller. The application of the inducer type developed
in this program to a commercial centrifugal impeller
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resulted in a gain of eight points in compressor
performance.

Combining the results of inducer research and of the
prehmmary impeller research, an investigation was
started to determine the most eﬂ'ectlve blade and passage
shapes for impellers. Six impellers having a wide range
of blade loading conditions have been investigated;
efficiencies of 85 percent, pressure ratios above 5, flow
capacities double those of conventional impellers, and
equivalent tip speeds of 2,000 feet per second have been
reached.

Research on centrifugal-compressor types designed on
the basis of flow theory (including a two-dimensional
radial-inlet impeller and an axial-discharge impeller
especially adaptable to gas-turbine power plants) was
undertaken to develop a sound mathematical basis of
impeller design. Initial investigations on the radial-
inlet impeller have indicated the sources of losses and
have established a method of analyzing the flow in
impeller channels.

Methods of performance testing were investigated to
establish a means of accurately rating compressors and
to determine performance of existing service types and
available experimental types of supercharger impellers.
Tentative standards for testing and rating centrifugal
compressors were prepared.

Matching. A convenient method developed for pre-
senting the performance of a compressor system in rela-
tion to that of a power section consists in plotting on
the same graph the performance of the compressor sys-
tem and the power section in terms of variables common
to both. Intersection of the performance curves deter-
mines the points of operation for the complete unit.

Application of this method of analysis to super-
charged engines has shown that pressure losses through
the compressor system, especially through the inlet
elbows, considerably reduce over-all output of the power
plant. The fundamentals of flow through elbows were
investigated and an elbow was designed in which the
total pressure losses through the elbow were 10 percent
of the velocity pressure at the compressor inlet. An
improvement in the velocity distribution at the com-
pressor inlet was simultaneously obtained.

Surging. Analytical and experimental investiga-
tions were made of surging, a phenomenon that estab-
lishes the minimum flow at which a compressor can
operate. The results show that surging is possible only
when the pressure ratio of the compressor decreases with
a decrease in volume flow. The maximum rate of
change of pressure ratio with volume flow that can be
tolerated without surging is dependent on the magni-
tude of the individual capacities and resistances of the
entire compressor system. The results of these re-
searches indicated several methods of extending the

surge-free operation of a compressor. Experiments
with one of these methods demonstrated that not only
could the surge-free range of a centrifugal compressor
be extended but that hitherto unattainable regions of
high pressure ratio and efficiency could be realized.

Superchargers. Prehminary studies of a liquid-
cooled type of aircraft engine having two stages of
supercharging indicated that the supercharging and
induction systems of the engine were critical. The indi-
vidual performance characteristics of the superchargers
were obtained for both sea level and simulated altitude
conditions and the information thus obtained was used
to determine the optimum supercharger operating con-
ditions in the engine.

Axial Flow Compressors

Blade design and single-stage theory. The investiga-
tion of the individual stages of a multistage axial-flow
compressor resolves itself naturally into two parts;
study of the performance of the blade elements, and con-
sideration of the effect of different velocity distributions
along the radius. Factors affecting the blade-element
performance are camber, solidity, and blade profile.
Theoretical and experimental investigations have,re-
sulted in useful correlations between these two parts.
Detailed theoretical studies made of the effect of the
distribution of velocity in the radial direction have been
used as 2 basis for the design of a number of single-stage
research compressors. '

Multistage compressors. The eight-stage axial-flow
compressor designed and constructed in 1938 by the
Committee on the basis of high-speed airfoil theory has
been the subject of extensive investigations. An inves-
tigation of the performance of this compressor demon-
strated that a maximum over-all adiabatic efficiency of
0.87 and a maximum pressure ratio of 5.4 were attain-
able. The effect of Reynolds number was investigated
and it was found that when the simulated altitude at the
compressor inlet increased from 27,000 to 80,000 feet,
the efficiency decreased 4 points. The useful operating
range of the compressor was extended as a result of an
investigation on the use of adjustable stator-blade
angles. Theoretical research on multistage axial-flow
compressor design has led to criteria for estimating the
effects of basic design variables on the per fonnance of
the compressor.

Compressor and turbine matching. An investigation
was made to determine the interaction of compressors
and turbines as components of a jet engine. The engine
used for this investigation consisted of the NACA eight-
stage axial-flow compressor and a specially designed
turbine. The data from this investigation were studied
to develop a theory for determining the performance
of a jet engine from a knowledge of the performance
of its components and for estimating how each of these
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components affects the performance of the other. The
results of this work indicate-that, in general, investi-
gations of complete jet engines without knowledge of
the performance of the components cannot be expected
to indicate how well the components match, because

only a small range of the possible field of operation of

the turbine component is covered. The application
of the developed method of analysis does permit, how-

ever, the evaluation of the effect—of modifications of— these blades.

jet engine components on over-all performance without
actually retesting the engine,

Tentative standard procedures for rating and testing.
The NACA Subcommittee on Compressors, realizing
the importance of standard procedures for rating and
testing multistage axial-flow compressors, appointed a
special panel to establish such procedures. Experi-
mental techniques and calculation procedures were es-
tablished that would give the highest accuracy and
reproducibility of results,

Single stage-compressors. In order to improve the
performance of axial-flow compressors, it is necessary
that the effect of a large number of variables be deter-
mined. These variables include velocity diagram, blade
section, blade camber, solidity, aspect ratio, tip clear-
ance, blade-root radins, and blade finish. Because of
the desirability of investigating these fundamental ef-
fects on simple compressors, where all the variables can
be easily controlled, three 14-inch-diameter, single stage,
variable-component compressors were designed; these
three compressors simulated the intermediate, inlet, and
outlet- stages respectively, of a multistage compressor.
The first two of these compressors are in operation under
investigation.

Specific compressors. In cooperation with the mili-
tary services, the research facilities of the Cleveland
laboratory have been utilized to determine the per-
formance of four axial-flow compressors designed for
specificjet propulsion engines. Over-all and individual
compressor stage performance data were obtained
over the entire compressor speed ranges for both sea
level and simulated altitude inlet conditions. In one
instance, the interstage survey data were used as the
basig for blading modifications .that changed the air
handling capacity of the compressor to the value for
which the jet engine was designed, and increased the
efficiency by approximately three points, with a cor-
responding increase in pressure ratio. The finding of
each of these investigations were supplied to the military
services and manufacturers as a guide in the design of
future compressors.

Turbines

Design and performance. In orderto design turbines
with optimum efficiency, gas flow and power capacity, it
is necessary to evaluate the effect of the internal gas-
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flow plienomena on turbine performance and to evolve a
method of shaping the internal turbine members to
obtain the optimum flow characteristics. The order of
magnitude of-the gains to be expected from this study
is being evaluated. For this purpose a number of
turbine blade-shape parameters have been varied in
several sets of blades and a study is being made of the
effect of such variations on single-stage turbines using
A theoretical method has been developed
that permits the determination of a blade-section shape
under the simplifying assumption of two-dimensional
flow of-a-perfect, incompressible fluid. Generalization
to the case of the compressible perfect fluid with two-
dimensional flow is now being studied. The effect of
viscosity on the flow pattern has been experimentally
investigated in a stationary set of turbine nozzles and
some basic flow phenomena have been determined, which
should prove helpful in the analytical treatment-of this
effect.

The program of turbine-blade investigations that ac-
companies the program of turbine blade design has
two main purposes: (1) to provide experimental data
to expand the theoretical studies, and (2) to indicate
the changes in turbine performance that cannot at
present be predicted by theoretical methods.

A Reynolds number correlation was obtained by
studying the performance of a single-stage turbine over
a wide range of-intake pressures and intake tempera-
tures. This investigation indicated that, if the intake
temperature is altered, no change in turbine perform-
ance results as long as the ratio of inlet pressures to
the 1.1 power of the inlet temperature is unchanged.

‘The turbine component from a representative jet-

propulsion engine was selected for 2 basic investigation
designed to establish a sound method of predlctmg
gas-turbine performance at design operating conditions
by means of performance data obtained at-greately re-
duced pressures and temperatures and to examine, in
detail, the flow through the various components of the
turbme "Investigations have also been made on the air-
cooled, mixed-flow turbine to determine the perform-
ance of this type of turbine at elevated temperatures.

A two-stage turbine was constructed for the ultimate
purpose of studying the combined characteristics of a
compreﬁor and a turbihe as components of a turbojet
engine.  An investigation of-the turbine alone showed
that the turbine had a maximum efficiency of 0.875,
which indicated that the stream-filament theory used_
in designing the blades can produce turbine blades hav-
mg reasonably high efficiencies.

Oooling. In order to determine the potentialities of
various methods of-turbine disk and blade cooling,
analytical investigations were first undertaken. Four
methods of cooling were considered ; cooling by conduc-
tion to the rim of the turbine disk, admitting cool air
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through part of the nozzles, passing cool air through
hollow blades, and circulating cooling liquids thruugh
internal blade passages.

Preliminary experiments to determine basic infor-
mation on the heat transfer properties of hot gases were
started. Methods of measuring blade temperatures on
rotating turbine disks were devised.

LUBRICATION, FRICTION, AND WEAR

Research on lubrication, friction, and wear supplied
fundamental and applied information for aircraft
power plants that served as a primary factor in the
continual increase in power output of all types of en-
gines during the war period.

Surface Phenomena in Sliding Friction

A fundamental study of surfaces showed changes
in geometric accommodation and physico-chemical
changes during run-in of sliders. Surface failure of
many new engine parts operating under conditions of
sliding friction such as bearings, reduction gearing, and
cylinder assemblies necessitated much work on run-in of
surfaces. This study involved physico-chemical studies
of surfaces after varied degrees of experimental opera-
tion that corresponded to extreme conditions. It was
concluded that surface treatment prior to operation,
which would condition the surface sufficiently to elimi-
nate much of the prolonged run-in period considered
necessary in service, could be accomplished.

Theoretical analyses of metallic thin-film lubrication
showed that benefits could be expected from this appli-
cation and experimental research verified the analyses.
The experimental work was confined to studies of films
of low shear strength on hard base material ; under these
conditions the coefficient of sliding friction is directly
proportional to the shear strength of the film material.
Metallic films of silver, lead, and tin as well as a graph-
ite-base coating were used on experimental sliding sur-
faces operated under conditions of boundary lubrication
and were found to provide effective supplementary
means of reducing sliding friction and wear. Further
twvork on metallic compounds, such as oxides and
sulphides, without lubrication, showed these compounds
to have a very marked effect on sliding friction.

Piston Rings and Cylinder Barrels

A fundamental investigation was made of materials
for use as sliding surfaces in component parts of piston-
ring and cylinder-barrel assemblies. The results of this
investigation were applied in the'selection of porous
chrome plate as & salvage material for sliding surfaces
in cylinder barrels. Porous chrome-plated cylinder
barrels were found to have very good wear character-
istics and high load capacity. Other cylinder-barrel
material studied included alloyed steels, which were
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hardened by induction heating and nitriding. Piston-
ring materials included cast irons of high tensile
strength, chrome-plated cast iron, chrome steel, and
nitrided steel. The results indicated that load capacity
limitations of cast-iron rings could be increased by

‘chrome plating and that for this application dense

chrome plate could be as effective as porous chrome
plate. - Various methods of finishing slider surfaces
for piston rings and cylinder barrels were studied and
it was found that for plane surfaces, coaxial lapping
with loose abrasive compounds accomplished very de-
sirable geometric accommodation of the surfaces and
otherwise improved performance,

Piston Lubrication and Oil Control

The problem of piston lubrication including oil con-
trol and ring sticking were investigated analytically
and experimentally. Visual studies of cylinder lubrica-
tion with a glass-cylinder apparatus showed that, in
accordance with hydrodynamic theory, the piston was
inclined to favor the formation of & fluid film during
the greater portion of the engine cycle and that the
piston moved laterally under the influence of side thrust.
The effect of the rings on lubrication and the action of
the rings were observed ; it was determined that the oil
film on a loaded ring face was 0.0001 inch or less.

Journal Bearings

Dimensional analysis and the principle of similitude
were applied to the computation of crankpin and main
bearing loads for in-line and radial reciprocating en-
gines. Charts were constructed to provide engine de-
signers with an easily used tool to determine maximum
and average bearing loads:

An analysis of the operating characteristics of a full-
floating bearing and its experimental verification using
visual study techniques has been made. This bearing
can be operated over a wide range of speeds for a given
shaft speed and results in low operating temperatures
at high rotating speeds. This low operating tempera-
ture would be obtained at the expense of load capacity
if clearances remain the same as for a plain journal
bearing ; clearance may, however, be adjusted to improve
this condition.

MATERIALS, STRESS, AND VIBRATION
RESEARCH

High-temperature Alloys

The fundamental theory of physics of solids has been
extended to the study of failures of alloys at elevated
temperatures under conditions of constant stress. Rate-
process theory and dislocation theory have been em-
ployed to derive equations for rate of creep and for time
to rupture under constant stress that are in good agree-
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ment with experimental data. The theory suggests the
use of metals of high modulus of rigidity and states that
a hyperbolic-sine relation exists between applied stress
and both creep rate and stress-rupture time. Applica-
tion has been made to several gas-turbine materials,
which are now described in terms of four parameters.
The methods have been shown to be applicable to gas-
turbine alloys, pure metals, magnesium alloys, and
aluminum alloys.

The crystal structures of & number of forged and cast
high temperature alloys have been determined using
X-ray diffraction methods. The usual structuré at
room temperature is face-centered cubic with lattice
parameters ranging from 3.55 to 3.60 Angstrom units.
An investigation of the structure of the microconstitu-
ents of such materials is being conducted and has re-
sulted to date in detection and positive identification of
the materials columbium carbide and chromium carbide
(CrsCe).

A program has been started on the evaluation of ma-
terials for gas turbine use at the request of the Army
Air Forces and Bureau of Aeronautics of the Navy
Department. Both experimental and commercially
available types of alloys are being investigated under
full-scale ervice conditions to determine the mecha-
nisms of failure, the influence of non-critical alloying
elements on performance, and the relative performance
of these materials. Failures of a number of turbine
buckets, combustion chamber liners, and other com-
ponents have been examined. The lack of uniformity in
temperature distribution in the engine indicates the need
for a great-amount of data for significant evaluation.

Ceramic Materials

A number of commercially available and experimental
ceramic materials have been investigated to determine
their suitability for use in gas turbines and rockets.
The relative resistance to thermal shock, tensile prop-
erties at elevated temperatures, and general refractory
behavior have been studied. Two turbines, each having
blades composed of sillimanite have been constructed
and some of the operating problems pertaining to the
use of such ceramic materials have been investigated.
Ceramic coated turbine buckets have also been con-
sidered. A number of ceramic combustion chamber
liners were investigated and found to be unsatisfactory
for use in turbines because of low thermal shock
resistance.

A number of ceramic rocket nozzles were investi-
gated and found to be unsuitable for use because of poor
resistance to mechanical shock.

Stress and Vibration

Strain gages have been used to study static and dy-
namic stresses in reciprocating engine parts. Results
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included discovery of vibratory stresses in connecting
rods and crankshafts not predicted by theory ; permissi-
bility of removing material in valve interiors for cooling
without increasing stresses, and departure from theory
of stresses in pistons, piston pins, and bearings.

Study of components—of jet-propulsion engines led
to a numerical method of calculating elastic and plastic
stresses in rotating disks with temperature gradients.
Such calculations were used to demonstrate the necessity
of -determining the variation with temperature of the
elastic modulus, coefficient of thermal expansion, and
tensile properties of turbine-disk materials. They also
indicated that improper cooling was detrimental to
turbine-disk life. Rim cracking in the turbine disk of
a turbojet engine was found to be caused by residual
tensile stresses that could be reduced by rim slotting and
shrink fitting. High-temperature strain gages were
used to measure turbine-blade stresses under operating
conditions,

"Vibration in the blades of the axial-flow compressor
of a turbojet engine was found to be caused by all
orders up to the tenth, although not predicted by
analysis.

RESEARCH ON RECIPROCATING ENGINES

A wartime research of paramount interest was the
investigation of methods of increasing the power of
existing reciprocating aircraft engines. Intensive re-
search was conducted on the factors limiting engine
power with the object of discovering methods of cir-
cumventing these limitations.

Engine Cooling

Correlation of operating temperatures. The theo-
retical method previously derived for correlating ex-
ternal temperatures and engine operating variables has
been applied to & number of liquid-cooled and air-cooled
multicylinder engines operating on the test stand, in
the altitude wind tunnel, and in flight. Additional
terms have been incorporated in the original correlation
equation to account-for variables in flight at high alti-
tude—These investigations indicate that the important
variables for air-cooled engines from cooling consid-
erations are cooling-air temperature, cooling-air mass
flow, charge-air temperature, charge-air mass flow, fuel-
air ratio, spark timing, and exhaust back pressure. The
effects of internal coolants and cowling design have also
been investigated and correlated.

Adaptation of the correlating equation to liquid-
cooled cylinders 'was achieved by substituting the coefli-
cient of heat transfer through a liquid film for the
coefficient through air. The coefficient of heat transfer
through the liquid ilm was-expressed in terms of coolant
temperature, coolant” mass flow, and the properties of
the coolant.
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The introduction of an additional term in the corre-

lation equation to represent the thermal resistance be-.

tween the internal parts, such as the exhaust valve, and
the exterior of the cylinder made possible correlation
of the temperatures of critical internal parts with oper-
ating conditions. Study of these correlations showed
that temperatures of the external parts of the cylinder
were not: reliable indicators of the temperatures of the
critical internal parts.

Internal coolants. Military requirements made nec-
essary large increases in the engine power output with
little opportunity for.major design changes. In many
cases the power output required could not be obtained
without special means for the prevention of fuel knock
or overheating. The use of internal coolants appeared
attractive and an extensive program was carried out to
determine the amount of cooling possible by this means,
the effects on the fuel-kmock limitations, and the best
methods of injection of the coolants. Investigations
were carried out on full-scale and small-scale single-
c¢ylinder engines and on full-scale multicylinder engines.

Results of studies of special internal coolants con-
ducted on small-scale engines showed that one such
coolant allowed the specific power output.of an engine to
be increased to more than four times the value that could
be obtained with aviation gasoline of 100/130 perform-
ance number, _

The experimental investigations carried out on both
the test stand and in flight indicated that the power of
some cooling-limited and knock-limited engines could
be increased by almost 60 percent. When the coolant
was added far enough upstream to permit vaporization
before entering the cylinder, the reduction in charge
temperature caused a substantial increase in inducted
air weight. This increase in air flow was reflected in a
substantial power increase only when the spark was
advanced sufficiently to offset the reduction in flame
speed caused by the internal ccolant.

The investigations revealed that water is more effec-
tive thran fuel as an internal coolant when large increases
in power are desired. Water was found to be somewhat
less effective in cooling the exhaust valve seats and
guides.

Cylinder coolants. The increase in power output of
liquid-cooled engines during the war emphasized the
necessity for improved cylinder cooling. Excessive
thermal stresses and other operational difficulties were
experienced as a result of high temperatures.

An investigation was undertaken to evaluate the heat
transfer characteristics of different coolants. This in-
vestigation was conducted with an electrically heated
tube, which simulated the heat fluxes and temperatures
of liquid-cooled aircraft-engine cylinders. The data
indicated that water or aqueous solutions of ethylene
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glycol were preferable to ethylene glycol, the coolant
then in general use. When these data were subjected
to checks in single-cylinder and multi-cylinder engines,
the results showed that cylinder-head temperature re-
ductions of as much as 100° F. were obtained by substi-
tuting water for ethylene glycol. This temperature
reduction permitted an increase in the knock-limited
power output of the engine of approximately 13 percent.

Piston cooling. The proper functioning of pistons
and piston rings at high engine power is limited by the
resulting high temperatures frequently associated with
high power. Preliminary investigations of the cooling
process were made with an electrically heated piston in
a reciprocating cylinder. Effects of significant vari-
ables upon the heat transfer from the piston to the barrel
were investigated. Measurements were made in both
single-cylinder and multicylinder engines of the tem-
perature distributions throughout the piston. ~The
temperature distributions were used to compute the sur-
face heat-transfer coefficients between the combustion
gases and piston, the piston and cylinder, and the piston
and crankcase atmosphere. The surface coefficients were
used in computations by a network method of the effects
of piston dimensions and under-crown cooling on the
temperatures at the center of the crown and at the ring
grooves. The analysis was shown fo be in agreement
with published data from many sources. The results
indicated that in high-speed aircraft engines a large
part of the piston cooling is through the crankcase
atmosphere and that in such cases the piston dimensions
should be governed by strength considerations.

Ewhaust valve cooling. As engine power has been
ineressed, overheating of exhaust valves has been en-
countered. The effect of overheating results in badly
corroded and collapsed valve heads, poor seating due to
distortion and corrosion, and preignition. In addition
to these direct difficulties, hot exhaust valves result in
lowered engine performance through a lowering of the
knock limit and heating of the combustion air during
the induction stroke.

An investigation of the heat-transfer characteristics
of sodium-cooled valves has indicated that the most
effective method of reducing the operating temperatures
was to increase the area of the passage between the head
and the stem and to increase the heat-transfer area be-
tween the stem and the guide. Further temperature
reductions were obtained by inereasing the heat-transfer
area of the valve-guide bosses. In one case increasing
the heat-transfer area of the stem made possible the
elimination in laboratory tests of engine failures, which
were at that time causing serious damage to combat
airplanes. Increased external cooling without design
modifications was in this case ineffective in reducing
valve temperatures.
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Improvemenis in cylinder-cooling baffles. A study of
methods of improving the cooling limitations of air-
cooled cylinders has indicated that a direct means of
cooling the overheated regions of the cylinders would
permit raising the temperature of the adjacent-over-
cooled areas. A direct application of cooling air to the

overheated regions at the rear of the cyhnders by means

of unrestricted, directed flow to these regions has re-
sulted in reductmn in the temperatures of the head and
the exhaust-valve seat of approzimately 50° F.

Investigation of tightly fitting baffles modified . to
maintain a constant free-flow area from the front to the
rear of each interfin air passage showed that the weight
of the cocling-air flow over the eylinder heads for a
given pressure drop was increased approximately 35
percent and average head temperatures were reduced
approximately 80° F,

Cylinder Charging

Aftercooling. An increase in the power of one of the
combat, liquid-cooled aircraft engines was investigated
by the use of an aftercooler that cooled the charge air
before it entered the cylinders, thereby making a denser
charge and permitting higher power before knock was
encountered. Two such aftercoolers were made.
first was designed torequire no significantengine or air-
plane modification for increasing sea level power. The
use of this aftercooler resulted in increases in engine
power of 35 percent. The second was designed to pro-
vide effective cooling with & very small pressure loss
to prevent a reduction in the critical altitude of the
supercharger system and involved complete manifold
redesign. Negligible loss in manifold pressure resulted
from instellation of this aftercooler and preliminary
data on engine power indicated a substantial gain in
power,

Supercharger and induction system. A study was
made of the supercharger and the induction system of a
liquid-cooled engine to provide the highest possible
manifold pressure to the cylinders. Analysis of data
from an investigation of the basic engine showed that
the following changes would be desirable if the maxi-
mum performance were to be approached : (1) Redesign-
ing the auxiliary-stage supercharger inlet elbow.and in-
terstage duct to reduce the pressure loss and provide for
better air flow; (2) changing the carburetor position
from upstream of the auxiliary-stage supercharger to
between the two superchargers to increase the manifold
pressure and the air flow capacity; (3) increasing the
degree of supercharging by increasing the auxiliary-
stage supercharger gear ratio and making provision for
mcreasmg the crankshaft speed from 3,000 to 8,200 rpm.,
to increase the manifold pressure and air consumption
without a detrimental effect on supercharger perform-
ance; and (4) reducing the charge-air temperature by

The
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installing an aftercooler and provisions for internal
coolant injection to increase the knock limited power
and air flow. As a result of these findings and in co-
operation with the manufacturer the horsepower out-
put of the engine was increased approximpately 50 per-
cent at 29,000 feet and 43 percent at 17,000 feet,

Valve design. An analysis of the intake and exhaust
valves and the valve-seat inserts of a 12-cylinder hquid-
cooled engine indicated that an improvement in flow
coeflicients was possible. Tests of modified valves and
inserts showed an increase in flow coefficient of 8 and 12
percent for the intake and exhaust-valve, respectively.

Boosting with oxygen and compounds of oxygen. An
emergency means of increasing the engine power for
short intervals of time athigh altitudes is the introduc-
tion of additional oxygen either from high-pressure
storage tanks or in some suitable chemical compound.
The use of oxygen resulted in increases in engine power
for a given manifold pressure. The addition of oxygen,
however, led to high combustion temperatures with con-
sequentoverheating and a tendency toward preignition
and knock. This tendency could be overcome by drastic
increases in fuel-oxygen ratio. The response to this

-enrichment was limited and some means had to be used

to increase the internal cooling. Results of investiga-
tions of-various internal coolants indicated that large
flow rates would be required to prevent knocking and
overheating.

The use of nitrous oxide instead of oxygen was pro-
posed because it has been found that nitrous oxide did
not appreciably lower the knock limit-and did not result
in as high a degree of overheating as had been experi-
enced with oxygen. An investigation conducted with
nitrous oxide showed that, when knock was not a limita-
tion, the overheating caused by the addition of nitrous
oxide could be controlled to best advantage by the use
of mixture enrichment. When knock is a Timitation, the

“use of internal coolants is necessary.

Backfiring research. Explosions or “backfiring” in
the intake manifolds of high-performance engines have
been the source of a number of engine failures. An in-
vestigation was undertaken to determine the causes of—
backfiring and to find means of eliminating it. The first
objective was to determine whether backfiring was
causéd by early burning (preignition) or to excessively
slow burning.

Data obtained from multicylinder and single-cylinder
engines indicated that both pre-ignition and excessively
slow hurning could lead to backfiring. With preigni-
tion, the backfiring was most likely to occur with fuel-air

“ratios that produce maximum flame speed; in one par-

ticular engine, backfiring would oceur when the ignition
had advanced to approximately bottom center. With
slow burning, the backfiring was most likely to occur at
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NACA Ames Aeronautical Laboratory facilities, Moffett Field, Calif.: (I)
Administration Building, (2) 40- by 80-foot full-scale tunnel, (8) 16-foot high
speed wind tunnel, (4) 7- by 10-foot tunnel No. I, () 7- by 10-foot tunnel No. &,
(6) Flight Research Laboratory No. 2, (7) Flight Research Laboratory No. 1,

(8) 12-foot low, turbulence pressure tunnel and supersonic wind tunnels, (9) Seience
Laboratory.
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NACA Adrcraft Engine Research Laboratory facilities, Cleveland, Ohio: (1) Fuels
and Lubricants Laboratory, (2) Engine Research Laboratory, (3) Administration
Building, (4) Flight Research Laboratory, (6) Instrument Research Laboratory,
(6) Altitude Wind Tunnel, (7) Icing Research Tunnel.



NACA Langley Memorial Aeronautical Laboratory, West Area facilities, Langley
Field, Va.: (1) Instrument Research Laboratory, (2) Physical Research Laboratory,
(8) 1600t high speed tunnel, (4} Structures Research Laboratory, (5) Stability
Dunnel, (6) 7- by 10-foot wind tunnels, (7) impact basin, (8) gust tunnel, (9)
Aircraft Loads Calibration Laboratory, (10) Induction Aerodynamics Laboratory.




e

v o,

N T
. 2

The 9-inch supersonic tunnel, built at the Langley Memorial Aeronautical Labora-
tory in 1942. This tunnel provides airspeeds up to Mach No. 2.5 and 1s used for
general supersonic aerodynamics.



Airplane medel photographed at three successive instanis during its passage through
an unsymmetrical gust in the Langley Gust Tunnel. This tunnel, completed in
1948, is the only facility of its kind for systematic gust load research. It has made
possible accurate determination of gust loads, vital to sound design of aireraft.



A second hydrodynamic towing tank, placed in operation at the Langley Laboratory
in December 1942, provides towing speeds up to 60 miles per hour, and is used to
study stability, control, and performance of flying boats, as well as ditching charac-
teristics of landplanes.



The seaplane impact basin at the Langley Laboratory. first operated in November
1942, provides separate control of the variable factors in water landings.. Picture
shows wave breaking and model ready for catapulting.
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Pilotless Airciaft Research Station, a branch of the Langley Laboratory, containg
the following facilities: (1) 400-foot launching ramp, (8) bombproof fire cantrol
station. (3) launching slab and shelter, (4) zero-length rail launcher, (6) final
loading station, (6) preflight test slabs and control house, (7) final assembly shop
and (8) office and radio building.



A guided research missile being launched at the Pilotless Aircraft Research Station.
The use of missiles as vehicles for high speed flight research provides a new technique
for obtaining fundamental high speed aerodynamic and propulsion dala through
the difficult transonic speed regime.
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One cf two 1- by 3-foot supersonic wind tunnels at the Ames Aeronautical Labura-
tory, first used in September 1945. They are variable density tunnels providing
speeds up to Mach Nos. 2.4 and 3.4.



The 12-foot low turbulence pressure wind tunnel, completed at the Ames Aeronauti-
cal Laboratory in July 1946, provides low turbulence airflows at effective large
scale by means of pressure. Speeds range up to 760 miles per hour.



A fighter airplane in the icing research tunnel showing ice formed during study of
an operating propeller.
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rich or at excessively lean mixtures. Several factors
were found to contribute to slow burning; among these
factors were poor fuel vaporization and the resulting
poor mixture distribution, faulty ignition, water injec-
tion, and lack of turbulence. Among these factors,
faulty ignition was found to be the most significant
element contributing to backfiring. Induction-system
design was found to have a marked effect on the back-
firing phenomene.

GAS TURBINE ENGINES

Buckingham, in NACA. Report No. 159 published in
1928, presented an analysis of the jet-propulsion system
for use in propelling aircraft. His results indicated
that for the flight speeds thén in prospect the efficiency
would be too low and the necessary equipment too
heavy to make the system feasible.

In February 1939 the air-flow research staff at the
Langley laboratory began a general study to investi-
gate the possibilities of jet propulsion for aircraft.
The purpose of the investigation +was to reevaluate
Buckingham’s work, considering especially the appli-
cation of jet-propulsion at speeds higher then he had
considered practicable but which, at the later date,
appeared attainable.

One problem that arose during this phase of the
investigation was control of the combustion in the
high-speed air stream in the burner. A series of com-
bustion studies was undertaken with small-scale and
full-scale apparatus to obtain combustion data for use
in subsequent investigations.

The Special Committee on Jet Propulsion was esta-
blished in March 1941 to guide jet-propulsion research.
Under the guidance of this committee a full-scale test
set-up was devised using the information obtained from
the preliminary investigations and analyses, and a study
was made of blower and duet characteristics as well as
the action of burning. The experimental results indi-
cated that combustion could be controlled and restricted
to the desired space and that the mechanical structure
was feasible for operating at the conditions required to
give a reasonable efficiency at attainable flight speeds.
The results were checked with theoretical calculations
and were used as the basis for initial recommendations
relative to jet-propulsion aireraft. Performance esti-
mations were made for several possible airplanes with
this type of power plant.

Research at the Cleveland laboratory has been de-
voted fo investigation of the performance of typical
turbojet engines. One of the principal problems was
the investigation of methods of predicting perform-
ance at altitude from results of tests at ground level.
Engine manufacturers lacked equipment for running
tests at altitude. Flight tests could not be relied upon
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for providing the information because the detailed in-
formation desired required the use of extensive instru-
mentation not practicable for flight work and, in many
cases, flight tests would have been very hazardous. The
Cleveland altitude wind tunnel provided means of
simulating air pressures and temperatures at altitude
and made it possible to observe the effects of altitude
on all component parts of the engine. Four turbojet
engines had been investigated in the altitude wind tun-
nel. Two of the engines incorporated a double-entry
centrifugal compressor and two incorporated multistage
axial-flow compressors. The most significant finding
of these researches was the existence of altitude limits
above which combustion could not be maintained. '
With some designs blow-out was encountered at alti-
tudes as low as 20,000 feet ; with other designs the blow-
out limit was at altitudes about 40,000 feet. The inves-
tigations proved that results of ground level tests
could be used to predict the performance at altitudes
below the blow-out limit. This prediction involves
the use of special performance parameters derived by
dimensional analysis.

The drag, or windmilling, characteristics of a “dead”
turbojet engine were also investigated because the drag
value must be known for the design of multiple-engine
airplanes where it might be desirable or necessary to fly
with one or more engines dead. The values of wind-
milling drag of 15 percent of the maximum net thrust
at 500 miles per hour and 25 percent, of the maximum
net thrust at 650 miles per hour indicate that closing
the inlet to the engine when the engine is inoperative in
flight is desirable.

The acceleration characteristics of a turbojet engine
were investigated because quick response to the throttle
is essential during landing maneuvers. The engine
was found to pick up speed and thrust at an undesirably
low rate. If landing maneuvers were made at maxi-
mum engine speed and low thrust was obtained by
means of a variable-area tail-pipe nozzle, maximum
thrust could be regained almost instantly by changing
the nozzle area.

Although the performance of the turbojet engine sur-
passes the performance of the reciprocating engine and
propeller at high flight speeds, the thrust of the turbo-
jet engine is low at the low speeds corresponding to
take-off. Three methods were investigated for increas-
ing take-off thrust: (1) Spraying coolants into the com-
pressor inlet; (2) burning additional fuel in the tail
pipe of the engine; and (8) bleeding air from the com-
pressor discharge into an auxiliary combustion chamber
from which products of combustion discharge through
a nozzle. _

The injection of water or other coolant into the inlet
of the engine cools the air and results in higher com-
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pression pressures and increased air flow. The higher
compression pressures and increased air flow, in turn,
produce higher thrust and better thermal efficiency.
When water was sprayed into the inlet of a turbojet
engine having a centrifugal compressor, a maximum
thrust increase of 35 percent was obtained. Mixtures of
alcohol and water were also investigated.

The burning of-additional fuel in the tail pipe of a
turbojet engine increases the jet velocity in proportion
to the square root of the increase in absolute tempera-
ture of the jet, and the take-off thrust increases in direct
proportion to the jet velocity. Maximum jet tempera-
tures from turbojets are limited to about 1700° F. be-
cause of temperature limitation set by turbine materials.
The burning of fuel in the tail pipe avoids this limita-

tion and the jet temperature can be raised to about-

4,000° F. An experimental investigation of thrust

augmentation by tail pipe burning was made in the jet -

propulsion static laboratory and a thrust augmentation
of-40 percent-was obtained by this means for the zero
ram condition (take-off).

Because of the change in the dlscharge gas density
when the tailpipe burner is operated it is necessary to-
provide an adjustable-area discharge-nozzle for per-
mitting change from the non-burning to the burning
condition in flight. An adjustable-area nozzle was
developed that showed no indication of overheating
or failure during the tests. An experimental investi-
gation of-this type of-nozzle indicated that it imposed
no loss in thrust on the turbojet engine as compared
with a conventional nozzle.

The limit imposed on jet temperatures by the turbine
materials can also be obviated by bleeding air from the
compressor discharge, burning it in an auxiliary com-
bustion chamber, and discharging it-as a jet that pro-
duces thrust. The deficiency of air entering the turbine
can be replaced by injecting water into the combustion
chamber; the volume of the generated steam replaces
the air. Experiments with the turbojet engine showed
that a 66 percent increase in thrust could be obtained
with a total liquid consumption of 8.9 pounds per hour
per pound of thrust.

RESEARCH ON RAMJET ENGINES

Steady Flow Ramjet

A theoretical investigation of the performance of the
ramjet-engine was undertaken to-determine the interre-
lation of the pertinent fundamental variables. On the
basis of the theory, a series of performance parameters
was chosen for presentation and correlation of the ex-
perimental data. The investigation of a 20-inch ramjet
engine in the altitude wind tunnel confirmed the theo-
retical trends and provided eéxperimental date for a
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ramjet engine ataltitudes up to 47,000 feet and equiva-
lent flight-Mach numbers up to 1.84. By comparison of
the experimental thrust coefficients of the ramjet engine
with corresponding drag coefficients obtained in super-
sonic wind tunnels, the feasibility of the ramjet engine
as a power plant for supersonic aircraft was established.

During the course of the research, a systematic study
of the various engine components was undertaken. An
extended investigation of flame holders produced several
burners that would allow the ramjet to operate at alti-
tude and at high Mach numbers.

Experiments were also conducted to determine the
increase in the combustion efficiency that might be
achieved by the use of preheated fuel. When the tran-
sition was made from unheated to preheated fuel, the
long yellow flame of the exit jet shortened and became
a pale blue. Simultaneously, the operation of the en-
gine was less erratic and the combustion efficiency im-
proved by about 10 percent. Concomitant increases were
obtained in the temperature ratio across the unit, the
over-all efficiency, and the net thrust:-

Further research showed that there was sufficient heat
rejected to the shell of the ramjet engine to preheat the
fuel. An automatic system was devised to combine the
operation of-fuel preheating and shell cooling. On the
20-inch ramjet engine, the heat rejected tu the shell
amounted to about 0.2 percent of the total heat released
by the combustion process per foot of combustion cham-
ber and nozzle length.

Experiments undertaken to determine the feasibility
of the two-dimensional ramjet indicated uniform,
smooth combustion and quite satisfactory operation.

Intermittent Flow Ramjet

The pulse-jet engine in the form introduced by the
Germans as the propulsive unit for the V-1 bomb is
severely limited by its performarice and operating life.
An analysis of the ideal processes involved in the oper-
ating cycle of the pulse-jet engine was made, and the
results showed that the German engine operates sub-
stantially below its theoretical performance. A study
of the mechanism of combustion occurring within the
pulse-jet engine was made on a model equipped with
a glass window through which high speed photographic
records of the flow and combustion processes were taken.
Various methods of controlling the combustion process
to-obtain a working cycle more closely approaching the
idealized cycle were investigated. The motion of the
pressure waves within the combustion chamber, as pho-
tographed during operation, qualitatively agree with
the recently advanced wave theory of the operation
of the engine. Low-loss inlet-air valves and intermit-
tent fuel injection into the combustion chamber were
investigated.
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Thrust stand investigations were conducted on a rep-
lica of the German pulse-jet engine with several valve
modifications tc determine sea level performance at sim-
ulated airspeeds of 0, 190, 280, and 840 miles per hour.

ROCKET ENGINE RESEARCH

The chief problems of the rocket power plant, as
analyzed, were found to be: (1) To obtain high thrust
for low weight fiow and low volume flow of propellant
in order to increase range and pay load; (2) to increase
combustion chamber and nozzle life; and (3) to achieve
ease and safety of operation and control. Virtually the
entire effort in rocket research at the Cleveland labora-
tory was directed toward finding propellants capable of
giving high specific impulse and devising ways in which
to use the high energy reactions without burning the
combustion chamber and nozzle.

The study of high performance propellants was in-
itiated with 2 complete survey of those reactions capable
of highest energy release. Because high energy release
menns high temperatures and therefore dissociation,
subsequent computations of theoretical performance of
propellant systems utilized thermal data and equilib-
rium constants. Graphical aids for these computations
were devised. An investigation was then started to
evaluate the performance of propellants and to find ways
of approaching experimentally the optimum theoretical
performance. Amnother investigation was a study of
the ignition characteristics of propellants. A short
ignition lag is desired because of the attendant hazard
that occurs when unignited propellant accumulates in
a motor and then ignites. Two lines of attack were
followed in experiments directed at seeking ways and
means of cooling the inner walls of the rocket chamber
and nozzle.

ENGINE INSTALLATIONS

Reciprocating Engine Installetions

An investigation was conducted in the altitude wind
tunnel to evaluate the effect on engine cooling and na-
celle drag of several modifications to the cowling of a
four-engine heavy bomber. The substitution of a 43-
inch-diameter cowl inlet for the original 38.5- by 85-inch
oval inlet reduced the cooling drag by an amount equiv-
alent to a saving of about 60 horsepower per engine
at cruising power at an altitude of 15,000 feet and an
indicated airspeed of 190 miles per hour. Modified
cowl-exit flaps on a slightly enlarged cowl afterbody
caused a further drag reduction equivalent to about 35
horsepower per engine under the same conditions.
Engine cooling bafiles modified to direct more air to
the region of the rear-row cylinder exhaust ports were
found to appreciably reduce the temperatures of the

rear spark-plug gaskets, rear spark-plug bosses, and the
exhaust valve seats of rear row cylinders,

- A study was also made in the altitude wind tunnel
of the installation in a torpedo bomber of a 28-cylinder
air-cooled engine with a dual-rotation propeller. Low
pressure recoveries at the face of the engine were found
to be caused by propeller interference. At high angles
of attack the air flow into the upper half of the cowl-
ing was further blocked by the long spinner.

A flight investigation was conducted to determine
the cruising performance of a four-engine heavy
bomber when equipped with engines modified by the
incorporation of the NACA fuel-injection supercharger
impeller and ducted head baffles. The use of the NACA
injection impeller reduced the spread of fuel-air ratios
among the cylinders to less than one-half its original
value. The temperatures of the exhaust-valve seats
were reduced approximately 50° F. by the ducted head
bafiles. Analysis of the flight data indicated that the
cooling improvements allowed either an increase of
more than 10,000 feet in operating altitude at a given
airplane weight or a gross weight incresse of from
10,000 pounds at sea level to 85,000 pounds at all oper-
ating altitudes above 10,000 feet.

Turbojet Engine Installations

A revised nacelle configuration for a two-engine
turbojet-propelied fighter airplane was compared in the
altitude wind tunnel with the original configuration.
The revised boundary-layer removal duct was found to
reduce the boundary layer in the plane of the nacelle
inlets approximately 60 percent at the high speed of the
airplane. Use of the revised nacelle inlet and bound-
ary-layer removal duct increased the total pressure
recovery at the compressor inlets approximately 16 per-
cent over the pressure recovery with the original con-
figuration. A revised cooling-air seal reduced the
quantity of cooling air approximately 75 percent without
causing excessive nacelle temperatures,

The power plant installation of a single-engine
turbojet-propelled fighter airplane was investigated in
the altitude wind tunnel. The losses in the induction
system were evaluated over a wide range of altitudes
and ram ratios, and data were obtained on the engine
performance and operational characteristics.

Ejector Cooling

An investigation was conducted on a single-cylinder
engine to provide criteria for designing an exhaust
ejector cooling system. The effectiveness of exhaust
ejector systems as a means of increasing the cooling air
flow through air-cooled engines has been studied in
flight on a twin-engine airplane. The investigation
was conducted to permit a direct comparison between the
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engine cooling provided by the ejector installation and
that provided by the conventional installation. It was
found that at low speeds, where the cooling with the con-
ventional installation was insufficient, large increases in
cooling air flow were obtained by use of the ejectors.
Slight iricreases in coolmg-alr flow were also obtained at

high speeds.
High-Altitude Cooling

The increase in altitude of aireraft operation during
the war introduced additional problems in the cooling of
air-cooled engines. The problems are a result prinei-
pally of the low density of the air at high altitude, which
increases the cooling-air pressure drop required for

cooling and at the same time decreasés the available

pressure drop.

In order to obtain information on the cooling charac-
teristics of air-cooled engines at altitude conditions and,
in particular, to check existing methods of extrapolating
the data obtained from sea-level or low-altitude cooling
tests to high-altitude conditions, a flight cooling investi-
gation was conducted on an 18-cylinder, twin-row radial,
air-cooled engine installed in a high-performance pur-
suit airplane. The investigation consisted of flights at
variable engine and flight operating conditions at alti-
tudes ranging from 5,000 to 85,000 feet. The cooling
data obtained were correlated by the previously devel-
oped cooling-correlation method, modified to account
for compressibility effects. The satisfactory correla-
tion of the data obtained, irrespective of altitude, indi-
cated thatsea-level tests may be used to predict cooling
at altitude when the test results are plotted in accord-
ance with the correlation method.

A flight investigation of the cooling performance of
& two-row radial aircraft engine in & twin-engine medi-
um bomber revealed that the temperature-distribution
patterns among the cylinders are determined chiefly by
fuel-air ratio and cooling-air distribution. The cooling-
air distribution was, however, appreciably affected by
airplane flight conditions. Satisfactory correlation of
the cooling variables was obtained at both low and
medium altitudes. Analysis of the correlation equation
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indicated that cooling performarice at medium altitudes
(20,000 ft.) may be predicted with sufficient: accuracy
by use of the low-altitude correlation equations.

ENGINE AUXILIARIES AND CONTROLS
Reciprocating Engines

Fuel and air metering. Fuel and air metering were
the first control functions to receive attention at the
Cleveland laboratory. Research in fuel metering con-
sisted of investigations of the mass air-flow metering-
control system and the engine parameter-type metering-
control system. Considerable improvement in fuel dis- |
tribution was achieved by the use of the supercharger
_impeller to distribute the fuel and by means of an
~improved carburetor spray bar.

Ignition and ignition systems. Investigations of
ignition and ignition systems included means of reduc-
ing lead fouling of spark plugs and the effect of variable
ignition conditions on combustion in reciprocating en-
gines. Several methods were found of alleviating lead
fouling in reciprocating engines.

Gas Turbine Engines

Turbojet-engine controls. Control requirements of
the basic turbojet engine with direct-coupled compressor
and turbine and with fixed exhaust nozzle area were
analyzed. This analysis resulted in the selection of
parameters suitable for engine control during steady-
state operation, acceleration, and deceleration, as dic-
tated by engine requirements and limitations. Re-
stricted control possibilities of the basic turbojet engine
indicate that additional controllable variables, such as
variable exhaust nozzle. area and throttled inlet, may
provide information to improve both engine control and
performance.

Fuel systems, Methods of improving the fuel distri-
bution to burners were investigated. New methods
evolved indicate that variations in fuel distribution may
be reduced to approximately 1.5 percent. New methods
also indicate the feasibility of a low pressure fuel system
with its attendant advantages.

AIRCRAFT CONSTRUCTION AND MATERIALS

construction and materials has centered around

the work of the Structures Research Division at
Langley Field and a considerable number of research
contracts with educational and other non-profitorgan-
izations. In the past year and a half, however, mate-
rials programs initiated at the Cleveland laboratory
have shown promise of being sufficiently fundamental

TI—]E Committee’s program relating to aircraft

to be applicable to airframe materials as well as power
plant materials. Because Cleveland’s work is directed
toward power plent problems it is not included herein
but is outlined under the section on Propulsion Systems.

For the sake of presenting the various parts of this
program in an orderly fashion, it will be divided into
three sections; one on aircraft structures, one on wood
and plastics, and one on structural metals.
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AIRCRAFT STRUCTURES

Although the stressed-skin type of airplane structure
was used as early as the first world war and became the
dominant type about 1930, research on this type of
structure was carried on sporadically in all countries
until about 1935. At that time several research men in
the NACA started to work on structural problems and
it was this group that formed the nucleus of the pres-
ent staff of the Structures Research Division at Lang-
ley Field. In 1989, Congress appropriated funds for
the construction of a structures laboratory building;
in October 1940 the building was sufficiently completed
for the staff to move in. The first major item of re-
search equipment was put into operation in January
1942. The expansion of the structures research staff
paralleled the expansion of the research facilities.

The fruits of structures research are not so obvious
to the eye as those of some other types of research be-
cause they are not often in the form of radically new
shapes or devices. The two main benefits for wartime
purposes may be classified as:

(a) Increased performance of the airplane.

(b) Reduction of delays in production.

The increased performance arises from the saving
in weight that is made possible by better structural
design. This saving in structural weight can be trans-
lated into higher rate of climb, greater radius of action
(by increasing the amount of fuel carried), more power-
ful armament, or better protection in the form of armor
or bulletproof fuel tanks.

The second benefit is perhaps even less obvious. In
peacetime it was universal practice to build one example
of an airplane for static testing, and plans for produc-
tion were not made in detail until the static test had
proven the airplane satisfactory. This procedure was
dictated by economics; the strength ealculation was not
sufficiently reliable, and an unstatisfactory strength
test might entail a major redesign and thus annul all
previous production planning. The large-scale produc-
tion in wartime made production planning & major
task requiring many months. In order to avoid delays
it became the custém to start production planning in
the early stages of design, and the static test was made
on the first or second airplane off the production line.
If this test shosved structural weakmesses, the produec-
tion line would have to be held up and retooled. Delays
of this nature are reduced by structural research which
provides data for more.accurate initial design. The
importance of delays in production in wartime is too
well known to require comment.

Skin-stiffened Panels

The largest single item of research in the Structures
Research Division during the war period was on the

strength of skin-stiffened panels. Such panels are the
most important element of the airplane structure, at
least as far as total weight is concerned. In the past,
designers have usually tested panels for each individual
design. The scope of these individual tests, however,
was insufficient to draw general conclusions. A broad
program was therefore instituted to cover the entire
design range. Theoretical work had been carried on
for several years, but the theory alone was inadequate
over a large and important portion of the range. Con-
sequently, while the theoretical work was being ex-

.panded, a comprehensive test program was carried out.
b )

The results were disseminated to the industry as soon
as they were obtained. The results of the.entire pro-
gram were combined into a set of design charts which
practically eliminates any need for future individual
testing. Even more important perhaps is the fact that
a method of design has been developed, based on these
charts, which makes it possible to find the best design
for any specified condition, whereas in the past the
designer had no method for finding out how close his
design was to being the best possible one.

The panel.program just described was carried out
first for Z-section stiffeners, the most commonly used
type. It was generally believed, however, that closed-
section (hat section) stiffeners were more efficient struc-
turally although they are not nearly so widely employed
because of difficulties in construction and maintenance.
In the design of very long-range bombers intended for
the Pacific war (B-35 and B-36), structural efficiency
was so important that it was decided to use hat-section
stiffeners. At the request of the Army Air Forces, the
Structures Laboratory therefore conducted tesis on
about 800 panels with hat stiffeners to cover the design
range for the airplanes involved. The panels for the
B-36 program—about T00—svere constructed by the
Consolidated Aircraft Co., designers of the airplane,
and the test results were transmitted to the company in
daily reports. A similar, although much smaller, pro-
gram vwas carried out for the Northrop B-85, for which
the panels were built by the Martin Aircraft Co. which

.was carrying out the production design of the airplane.

Flush Rivets

Some time before the war, early work on panels had
brought up the question of riveting. The aerodynamics
division of the NACA had just developed the now well-
known laminar-flow eairfoils, which' promised large
gains in speed. However, the advantages from these
airfoils could not be realized unless the surfaces were
perfectly smooth; conventional rivets robbed the air-
foils of most, if not all, of their advantages. In order
to solve the problem of smooth airfoil surfaces, a new
technique for flush riveting was developed. The most
important feature of the process was that the counter-
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sunk head was intentionally formed so as to leave some
excess material above the surface; the excess was then
removed with a specially developed hand milling tool.
The final finishing operation, either polishing or paint-
ing, left the surface in a high degree of aerodynamic
perfection.

Although this riveting technique was originally de-
vised in order to insure aerodynamically smooth sur-
Taces, it was found to give also an important structural
advantage; it produced tighter rivets than any other
technique. This is an important factor wherever rivets
are subjected to vibration or repeated loading, because
initial looseness will rapidly become worse under such
conditions. This riveting technique, in a modified form,
is now in use on several high speed aircraft. A consider-
able amount of work was also done to provide design
data on more conventional rivets as well as on rivets
for special work, such as blind rivets for repair work or
for use in inaccessible places.

Effect of Structural Rigidity on Aerodynamic Smooth-
ness

Aerodynamic smoothness of the wing surfaces re-
quired not only special riveting techniques, but im-
proved construction techniques. The conventional thin
skin buckled toc easily under load, and the skin of the
wing showed the ribs and other internal structure stick-
ing out. This condition had to be remedied by modify-
ing the conventional structure, and a number of tests
were made on various proposed types of structure.
Sample wing sections were subjected to load, and careful
observations were made of their deformations. Some of
the sample wings were first tested in the wind tunnel to
measure their drag, then suhjected to loads representing
the highest loads expected in flight; and finally tested
again in the wind tunnel to determine whether the
permanent deformations left were serious enough to
increase the drag. Part of this work was done at the
request of the armed forces on specimens representing
actual proposed airplane designs and built by the com-
pany in question. This investigation and that on skin-
stiffened panels has shown that over a wide range of
design conditions the maintenance of buckle-free sur-
faces on longitudinally stiffened compression panels
does not conflict with the achievement of high structural
efficiency and lowest possible weight.

New and Improved Theories for Stress Analysis

The theoretical demonstration that a newly designed
structure has the required strength is furnished by the
stress analysis, 'This analysis is intended to prove that;
the bending and twisting loads imposed on the airplane
in flight or in landing do not cause, anywhere in the
structure, stress large enough to cause failures. The
accuracy of the proof depends, of course, on the accuracy

of the theories used. Conventional theory of strength
of structures is confined in general to simple structures
such as plates, shafts, beams and trusses. Much more
advanced theories are necessary to deal with the stresses
in the complex reinforced shell structure of an airplane.
Before the war, only a beginning had been made in the
development of such theories, and much of what was
available was toocomplicated for everyday use. Dur-
ing the war period, considerable progress was made in
developing additional theories and in improving the
accuracy and ease of application of the theories. One
important-example is the so-called shear-lag theory
which deals with the bending stresses in a wing. The
usefulness of this theory was well illustrated in the re-
design of one of the leading fighter airplanes of the war.
The static test made by the company showed that the
conventional theory was in error by 15 percent, the
shear-lag theory by 2 percent. A 15-percent error would
call for a substantial change in design, upsetting the
production schedule; a 2-percent error would cause
little, if any trouble in adjusting the production
methods. Other theories were developed for the torsion
action of wings, which became a very important problem
during the war because the flying and diving speeds of
all airplanes were greatly increased over those of pre-
war airplanes, Simple methods were developed for
calculating the stresses arotind cut-outs such as bomb-
doors, escape hatches, gas-tank installation doors, and
wheel wells. Convenient design methods were found
for diagonal tension girders; that is, girders with very
thin webs which are typical of aircraft-construction.
In addition to the work on all these theories and formu-
las dealing with major stiuctural items, there was,

of course, a considerable amount of work dealing with
items which are small individually but together are
responsible for an important portion of the total design
work on an airplane.

Evaluation of Structural Materials

Under the spur of the war, manufacturers accelerated
their research work to produce stronger materials or to
improve the strength of existing materials by new
methods of heat-treating. If advantage was to be taken
of these improvements, the designer had to be provided
as quickly as possible with the necessary structural
design data such as tensile strength, compressive
strength, and column strength of these materials, The
NACA developed techniques for quickly determining
these properties, and considerable effort was devoted to
evaluating the properties of new and improved mate-
rials by these methods. Closely related to this was the
extensive and systematic work carried out on local
buckling of stiffeners. Work on this subject had pre-
viously consumed & large portion of the working effort
of manufacturers’ research departments without giving
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commensurate benefits, because no single manufacturer
could afford to cover the entire design range
systematically.

Ditching

The largest amount of specific testing was carried
out in connection with the ditching problem. Bombers
returning from missions in Europe and later in the
Pacific were often forced by combat damage to land on
the ocean. When such a landing was successfully made,
there was a very good chance of saving the crew. Un-
fortunately, the landing was often unsuccessful. The
problem of how to increase the percentage of successful
landings was so important that it was attacked simul-
taneouly by a number of organizations. Within the
frame of a multisided NACA program, the Structures
Division investigated the structural phase by subjecting
several bomber fuselages (B-17, B-24, B-25) to loads
simulating the water loads experienced in a ditching.
These tests furnished one criterion for determining
whether the great differences in the ditching character-
istics of these airplanes were primarily caused by dif-
ference in structural strength or by difference in hydro-
dynamic and aerodynamic properties of the airplane.

WOOD AND PLASTICS

NACA wartime research in the field of wood and
plastics has been concentrated chiefly upon materials of
this type which appear to have promise in structural,
and semistructural applications. These materials in-
clude natural and compressed wood, plywood, lami-
nated plastics, transparent plastics and adhesives.

Adhesion and Its Application to the Bonding of Struc-
tural Components

Adhesion is & basic and important problem in wood
and plastics construction, since adhesives are used in the
laminating and bonding of all these materials. In ad-
dition, adhesives are employed for bonding plastics and
wood to metals and in bonding metals to metals. A
considerable amount of NACA research has, therefore,
been devoted to evaluation of the natural forces and con-
cepts involved in adhesives. Research has shown that
the use of adhesives in the fabrication of certain types
of aircraft structures, such as sheet stringer panels, can
result in a marked increased in the strength and at the
same time a saving in production time and costs. Ad-
hesives are, therefore, being employed for regular pro-
duction use in the assembly of some types of aircraft
components.

Research has also been carried out on the effects of
acidity or alkalinity on the strength and durability of
adhesive bonds and plywood. Investigations have been
conducted on the effects of high and low temperatures
on the bonding strengths of synthetic resins. These
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latter investigations are pertinent in view of the wide
range of temperatures in which aircraft operate. Pro-
grams have also been conducted to determine the thermal
expansion of the various types of wood and plastic
materials in order that these materials could be more
intelligently utilized in the design of structural parts.
The NACA has sponsored a basic study of the curing
of resin glue bonds in laminated wood construction.
This study has found application in the curing of ad-
hesive bonds through the use of high-frequency electrical
heating. This process is now employed in the gluing of
laminated wood spars and in other wood structural
members used in the construction of light airplanes.

Laminated Plasties

A series of investigations have been carried out to
evaluate the strength characteristics of laminated
plastics in which glass fabrics are employed as the re-
inforcing materials. The data thus obtained include
static and impact strengths at normal, high and low
temperatures, fatigue strengths and creep character-
istics. The results of this research have shown those
materials which are generally superior to the more com-
mon laminated plastics. An indication of the extent of
wartime application of this type of laminated plastic is
seen in the example of the North American B-25 me-
dium bomber, in which about 800 pounds of these
materials are employed.

Sandwich Materials

Sandwich materials, so-called because they consist of
thin gage faces of a high strength material bonded by a
resin adhesive to a much thicker low-density core mate-
rial, are of considerable interest for use in aircraft
structures because of their high strength-to-weight
ratios. The development and application of sandwich
materials has been impeded somewhat by the lack of a
satisfactory low density core material. An investigation
of this problem was undertaken and resulted in the
development of a very promising paper-base honey-
comb material. Current production applications
wherein sandwich materials are used include radar
housings and radar antenna housings in both Army and
Navy installations.

Wood and Plastic Structural Properties

Some work has been directed toward the solution of
problems surrounding the use of wood and wood prod-
uets. Investigations have been performed on the com-
pressive gtrength characteristics of stiffened plywood
panels and this project resulted in the formation of a
new concept for explaining the failure of these panels
under compressive stress.

Investigations have been conducted on the factors
affecting the strength properties of plastics when fabri-
cated as finished molded parts, as compared to those
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strength properties of the same materials but fabricated
in the form of standard test specimens.

Fairing Compounds

Airplane wings incorporating NACA low-drag air-
foil sections must be carefully built to have smooth,
faired surfaces which accurately follow the airfoil pro-
file in order to realize the low-drag characteristics of
these airfoils. Plastic materials are employed to fill
in depressions in wing surfaces around rivets, gaps be-
tween the metal skin sheets, and small waves in the
skin which occur in the course of manufacture. These
plastic fairing compounds must be easy to apply, must
not become brittle at low temperatures, must adhere
to the metal wing surfaces, and must resist vibration.
Research conducted on fairing compounds resulted
in the development of new compositions which are
superior to generally available commercial materials.

Windshield Installations

Ajrcraft windshields are designed to carry steady
airloads and in addition they must absorb impacts of
various magnitudes while in flight. Investigations
have been conducted on plastic mountings for the in-
stallation of windshields in order to increase their
flexibility and strength.

STRUCTURAL METALS

The majority of the work in the field of structural
metals, as in the case of wood and plastics, has been
carried out through the medium of research contracts
with educational and other non-profit organizations.

Spot Welding

In the fall of 1940, the Army Air Forces, the Bureau of
Aecronautics, and the NACA entered into a cooperative
program of spot welding research. This program was
under the surveillance of a special subcommittes which
acted in an advisory capacity to this and other projects
on welding research as applied to aircraft. The re-
sults of this investigation include reports on the spot
welding of dissimilar aluminum alloys, spot welding of
multiple thickness combinations of sheet alloys, the
effects of cold working on spot welds in aluminum
alloys, various heat treatments as applied to spot welds
in the welding machine, and the effectsof surface treat-
ments on spot weld efficiency. This information was
distributed to the sircraft industry at a time when it
was vitally important because of the many problems
that were encountered in the construction of military
aircraft.

Effects of Corresion

Another cooperative program sponsored by the Army
Air Forces, the Bureau of -Aeronautics and the NACA

was that on the effects of salt water and atmospheric
exposure on the corrosion rate—of aircraft-structural
alloys. This program was quite extensive and even
included the testing of some of-the spot welded panels |
prepared under the spot welding program. Not-only
was the corrosion suseeptibility of many alloys tested
but protective coatings used on these alloys were also
evaluated. This work proved particularly valuable
in preparing specifications for the protection and care
of aircraft used in the South Pacific and on aircraft
carriers.

Improved Metals

Some development work was sponsored on aluminum
and magnesium alloys for use at high temperatures
and under specialized conditions. These alloys were
of interest to the designers of both reciprocating engines
and gas turbines.

In addition to the development of new alloys, it was
found that there was need for considerable information
on the properties of existing alloys. Therefore, a pro-
gram of evaluation of these alloys was conducted.

Numerous other properties of structural metals were
investigated.” These properties included impact
strength and sensitivity to stress concentrations. The
effect of electro polishing was also investigated, as was
the influence of the rate of deformation on the proper-
ties of these alloys. More recently, programs on the
plastic flow and deformation of metals have been initi-
ated in order to provide a more thorough understanding
of the nature of fracture of metals under combined
stresses.

OPERATING PROBLEMS

The chief problems of aireraft operations which have
required research during the war years are icing, gust
loads produced by atmospheric turbulence, and landing
loads. Thelatter problem includes both normal ground
landings and emergency water landings of landplanes,
known popularly as “ditching.” Lightning hezards to
aircraft have also been the subjett of study. However, -
metal aircraft are not seriously affected by lightning,
and therefore the research in this field was devoted to a
study of the effects of lightning on non-conducting com-
posite structures and on wood aireraft brought into use
during the war.

These branches of research are handled by the Com-
mittee on Operating Problems and its three subcom-
mittees: the Subcommittee on De-Icing Problems, the
Subcommittee on Meteorological Problems and the Sub-
committee on Lightning Hazards to Aircraft. The

Committee on Operating Problems was organized in

1942 and during the war its work was devoted lnrgely
toresearch on aircraft icing. However, numerous other
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problems were reviewed and many items of research
were guided by this committes in all three NACA
laboratories,

ICING RESEARCH

Icing is one of the most serious hazards to the safety
of flight and thus is & major problem in the operation of
both military and commercial airplanes. NACA re-
search on aircraft icing has been expanded considerably
during the past 6 years. Much of this research has been
accomplished by the Ames Aeronautical Laboratory,
which has attacked the problem chiefly through actual
flight investigations in icing conditions. Early in1944
a program of icing research was begun et the Com-
mittee’s new Cleveland laboratory, which has in opera-
tion a 6- by 9-foot wind tunnel designed especially for
icing research. A wide range of icing conditions can
be produced and controlled in this tunnel at speeds up
up to 400 m. p. h.

Thermal Ice Prevention

Early NACA icing research carried out during the
1980’s indicated that the waste heat present in the ex-
haust gas of airplane engines could be employed advan-
tageously to prevent ice formation on airplane surfaces.
The NACA has concentrated its recent research in this
field on development of such thermal systems of ice
prevention. In order to obtain operational verification
of the earlier investigations, the Ames Laboratory has
designed and installed exhaust-heat thermal ice-preven-
tion systems in several airplanes, including a Lockheed
124, Consolidated Vultee B-24, Boeing B-1T and
Curtiss-Wright C46. Thorough tests of each of these
airplanes have been carried out in natural icing
conditions.

In the thermal ice-prevention system heated air is
circulated through carefully shaped passages in the
wings, tail surfaces, and windshields to protect these
components of the girplane against icing. For this pur-
pose the temperature of the air used as the heating
medium is raised to about 300° F. by passing it through
exhaust-gas-to-air heat exchangers located in the air-
plane engine nacelles. Ice forms most rapidly over the
forward facing portions of airplane surfaces, and thus
the thermal ice-prevention system is designed to concen-
trate most of the heat available within these sections
of the wings and empennage. The windshields of the
several research airplanes are of a special double-pane
construction, with a gap between the inner and outer
panes through which the heated air flows. This ar-
rangement has the advantage of preventing frost from
forming on the inner windshield surface as well as
providing protection against icing.

In beginning its icing research program the Ames
laboratory found that there were no heat exchangers

available which were capable of extracting large
amounts of heat from the engine exhaust of airplanes
required for operation of thermal ice-prevention sys-
tems. An investigation to develop such heat exchangers
was therefore undertaken, and in this research the co-
operation of several heat exchanger manufacturers was
secured. The laboratory was successful in this project
in developing several types of heat exchangers now in
general use which had capacities up to 300,000 B. t. u.
per hour.

In summary it can be stated that the NACA exhaust
heat thermal ice-prevention system has been found
through the Committee’s extensive research investiga-
tions to be a practical system and that it provides con-
siderably more effective protection against icing than
any previously employed means of aircraft ice preven-
tion or removal. During the course of the flight re-
search the several research airplanes were flown with
complete safety through icing conditions that were
sufficiently severe to warrant the grounding of all other
aircraft in the area affected. As a result of this suc-
cessful research, thermal ice-prevention equipment is
being incorporated in most new transport airplanes to
be operated by the airlines, and this equipment is also
being installed in numerous types of military sirplanes.

The Committee’s laboratories are continuing their re-
search on aircraft thermal ice prevention with a view
toward determining as precisely as possible the rela-
tionships between the meteorological factors of the at-
mosphere that are conducive to icing and the heat-
transfer characteristics of the thermal system. The
most important meteorological factors of concern are
the liquid water content and the size and distribution
of water droplets. The research includes flight tests in
which newly designed meteorological instruments .are
employed to take measurements in icing clouds. This
research is expected to make possible a more complete
and fundamental understanding of the thermal ice-

_prevention system.

Propeller Icing

Propeller icing is a serious problem because even light
ice formations impair the efficiency of propellers, thus
reducing the speed of airplanes. In addition icing cre-
ates dangerous propeller vibration. All three of the
Committee’s laboratories have been engaged in research
on thermal means of propeller ice protection during the
past few years, and the problem has been attacked both
analytically and experimentally. Considerable service
experience on electrical heating systems for propellers
designed by the NACA staff has been obtained hy the
Ames Laboratory through the necessity of providing
acdequate propeller protection in icing research flights.

Electrical heating equipment for propeller ice pro-
tection consists essentially of rubber pads containing
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electrical resistance heating elements installed over the
leading-edge regions of propeller blades. The elec-
trical energy for the blade heating shoes is supplied
either from the airplane’s electrical system through
slip rings on the propeller hub ar by a specially de-
signed propeller-hub generator. In the Cleveland lab-
oratory icing research turnel an investigation was car-
ried out recently to study the effect of energizing such
electrical heating systems cyclically, ‘with the heated
shoes on the propeller blades being energized “off” and
“on” in a controlled sequence. The results showed that
adequate ice:removing effectiveness can be achieved in
this way with considerably less total electrical power
expenditure than with the continuous type, and thus a
reduction in weight of electrical generators was made
possible.

Experimental studies have been conducted to evaluate
the merits of circulating heated air through the blades
of hollow-steel propellers as a means of icing protection.
Results accomplished thus far indicate that a satisfac-
tory air heating system can be attained if provisions
are made in the blade design to concentrate the heated
air near the leading-edge region of the blades. Other
studies have shown that heated-air flow through hollow
propeller blades, leaving the blade through outlets at
the tips, has very little effect on propeller performance.
Windshield Icing

Recent research on windshield icing has been directed
toward determining whether thermal methods of ice
protection can be devised which are more advantageous
than the double-pane type of heated windshield previ-
ously described, and also to determine windshield con-
figurations which by their geometry require the least
amount of heat for ice protection. The latter was
proved to be an important and favorable factor, flight
tests showing that the small water droplets present-in
clouds are deflected by the airstream around a wind-
shield which presents no abrupt change to-the fuselage
nose shape,.

Inaddition to its research on windshield ice protection
the Ames Iaboratory has made some fundamental studies
of the heating required to prevent-fog from forming on
windshields, including the thick bullet-resistant type
as well as the thinner windshields of transport aircraft.
Induction System Icing

Ice formation in the induction system of aircraft en-

gines is a serious and treacherous problem. Such icing
occurs at temperatures considerably above freezing, in

some cases up to 100° F. Thus induction system icing .

is a year-round problem, not necessarily associated with
bad weather, clouds, or any particular geographical
areg. Investigations have been carried out at the Cleve-
land laboratory on the engine induction systems of sev-
eral military aircraft.
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One of the basic findings of the research was that
serious icing in induction systems could be reduced con-
siderably by preventing free water, such as rain, from
entering the carburetor air-intake duct. This problem
was, therefore, given further study with the result that
a special carburetor air scoop capable of excluding all
free moisture from the intake air was developed. The
use of this water-separating air scoop, which is designed
on the principle of inertia separation of the water drop-
lets, does not¢ause any loss in pressure of the intake air.

A second important finding of the research was that
icing eaused by evaporation of the fuel, one of the prin-
cipal causes of induction system icing, could be greatly
reduced by the simple expedient of locating the fuel
nozzle further downstream in the induction system.
Spinner-type fuel injection nozzles were developed in
the research which direct the fuel spray into the eye of
the supercharger impeller., This method of fuel injec-
tion was found to be practically as effective a means of
ice prevention as direct fuel injection into the individual
engine cylinders and has the added advantage of
simplicity.

The research has shown that preheated carburetor air
removes ice from induction systems rapidly if the air
temperature is sufficiently high (90° F. wet bulb tem-
perature). Ingeneral, it can be stated that the research
has made possible a more precise determination of the
preheat requirements for induction systems. However,
the use of alcohol injection proved to be disappointing
and unreliable for removing ice.

Jet Engine Icing

Icing is expected to be a serious hazard in the opera-
tion of-turbojet engines because ice formations may
quickly stop these engines by choking over the air inlets
and also may have a destructive effect on the compressor
blades. The Cleveland laboratory is conducting an ex-
tensive investigation to provide means for protecting
turbojet-engines against icing, with research being car-
ried out both in flight and in the icing research tunnel.
The investigation includes studies to develop water-
separating air inlets and also work on the application of
exhaust heat to remove ice formations. Results of the
research obtained thus far indicate that the centrifugal
compressor-type turbojet-engine will be affected detri-
mentally only by very serious icing, but that it is essen-
tial to-prevent all possible ice from entering the air in-
takes of the axial-flow type of engine.

TURBULENCE AND GUST RESEARCH

Research on atmospheric turbulence and gust loads
was curtailed during the war because of greater priority
of other research on aircraft loads. However, the re-
duced program provided several importaiit results. An
investigation of turbulence within thunderstorms was
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completed in which airplanes surveys were made at alti-
tudes up to 84,000 feet. A large amount of data was
obtained on the structure and intensity of gusts, ahd on
airplane behavior and associated meteorological con-
ditions. It was established that gust loads of high
magnitude were equally probable at all altitudes within
thunderstorms up to the maximum test altitude of 34,000
feet, and correlation was established between airspeed
fluctuations and accelerometer measurements os indices
of turbulence. Good correlation was established be-
tween maximum gust intensities and quantities repre-
senting thermal energy potentially available for con-
vection, The data were also analyzed statistically to
determine the characteristics of repeated gusts.
Methods have been derived for determining continuous
gust structure from the flight measurements.

A model of a canard-type airplane was tested in the,

new Langley Gust Tunnel and it was found that the gust
load increments were greater than the conventional
case. Tests of models of two other unconventional
types, one having a low-aspect-ratio wing, were also
made in the gust tunnel to establish gust leads for use
in design. An analysis of dynamic stress in single and
repeated gusts were made for two large airplanes to
provide information during the design stage of these
airplanes, and gust tunnel tests were made with flexible
models to estabish the validity of the calculations.

Statistical data on gust loads under transport operat-
ing conditions were collected and these data, together
with previously collected data, were subjected to & num-
ber of analyses. Statistical methods for the proper
analysis of V-G data were established and the effects
of various operating parameters on the probable loads
for operations of two commercial aircraft were deter-
minded by these methods. The problem of overloaded
airplanes was analysed to determine the increased prob-
ability of critical stress both in the static and fatigue
cases. Data on the frequency of occurrence of various
gust intensities were analyzed and reported to provide a
basis for fatigue analysis and these results were in turn
utilized in a general analysis of the importance of the
fatigue problem.

Several projects were conducted for the purpose of
devising means for the circumvention or alleviation of
turbulence. A gust-alleviation flap device was tested
in the gust tunnel with promising results. Several
turbulence indicators and recorders for flight use were
investigated and reported to the Army. Means to assist
the forcaster in predicting turbulent intensity of thun-
derstorms were devised, and a cloud detector, based on
the principle of infrared radiation, was developed.

The.data obtained during the various turbulence in-
vestigations were made available and explained to ofher
research agencies to permit them to actomplish studies

of bombing and firing accuracy and to permit the design
of stabilizing units for radar bomb sights.

CABIN HEATING, COOLING, AND
VENTILATION

A study has been made at the Ames labordtory of the
large amount of uncorrelated data available for the
design of convective heating and ventilating systems for
airplane cabins. The data have been analyzed and
evaluated and a design report prepared. The amount
of available design information was considered ade-
quate with the exception of data relating to the rate of
infiltration of ambient air into the cabin. A flight-test
method for measuring this quantity has been devised
and is based on the determination of the rate of dilu-
tion of an initially established carbon-dioxide concen-
tration in the cabin.

Research has also been undertaken on the cooling of
high-speed airplane cockpits. An analytical investiga-
tion has been made of the various factors, such as solar
radiation and air friction, which contribute to the heat-
ing load for an airplane flying at high subsonic speeds,
and flight tests to check the analysis have beer under-
taken. Consideration is also being given to the cockpit
cooling problems associated with supersonic flight and
an analysis has been made of various ram-air-operated
air cycles for application to these high-speed aireraft.

DITCHING STUDIES

The thousands of over-water flights by landplanes
under the combat conditions of World War II unavoid-
ably resulted in many forced landings at sea. The
ability of airplane crews to survive such ditchings de-
pended largely on how well the airplanes withstood the
impact of striking the water. At the NACA’s Langley
laboratory dynamic model tests were made to predict
the ditching characteristics of service airplanes, to deter-
mine how the pilots could obtain the safest ditching
performance, and to develop devices that would reduce
the hazardous conditions found. Motion pictures of
the tests were used to instruct airplane crews.

The ditching characteristics of 17 Army and Navy
airplanes were determined from such tests made in tow-
ing tanks and on an outdoor catapult. These studiesled
to the development of the NACA “Hydroflap” as a
ditching aid almost universally applicable to new de-
signs, and capable of giving smooth ditching perform-
ance under a wide variety of landing conditions. Load
design data for hydroflaps were obtained from tests
made in the Langley impact basin.

Because failure of relatively weak bomb doors proved
to be one of the major causes of disastrous ditchings,
the strength of bomb doors and the use of special ribs
was prescribed by the Army for the bomber airplanes
most used in the war.
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In cooperation with the Army, the Langley laboratory
conducted the only two experimental full scale ditchings
that were made during the war. These tests substan-
tiated the value of model ditching investigations and
emphasized the importance of persormel location in an
airplane that previously had been extremely unsafe for
ditching. Changes in the airplane that would permit
the use of this ditching station were subsequently made.

INVESTIGATION OF CONDENSATION
TRAILS

Condensation trails generated by high-flying air-
planes proved a serious problem during the war in that
they greatly simplified the task of locating the airplanes
in flight;either from ground stations or from attacking
enemy fighter airplanes. Early in the war research at
the Langley laboratory on condensation trails estab-
lished and explained the several types, provided methods
for forecasting the zones and altitudes at which trails
would occur and snggested means for avoiding the gen-
eration of trails. The results of these researches were
available to the armed services during the greater part
of the war.

GUIDED MISSILES

The NACA is responsible for the conduct of research
in aerodynamics, controls, and propulsion and has
cooperated with the Army, the Navy and the National
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guided missiles, such as the response of the missile
to deflection of—control surfaces, the size of control
surface required, and the servo-mechanism and remote
control device needed to operate such & missile along
a desired path. As the ﬁlght speed increased the re-
quirements for the precision of the guiding equipment
became increasingly severe. In its free flight research,
the NACA is conducting an extensive investigation of
the aerodynamic characteristics of guided missiles.
The NACA Cleveland laboratory is conducting re-
search on the ramjet power-plant which shows particu-
lar promise for use on an expendable high-speed missile.
Under this Committee’s over-all supervision, research
in the following fields having application to guided
missiles is in hand:
Rocket fuels and combustion,
Turbojets, ramjets, and other forms of power plants
having possible apphcatmns to guided missiles.
Aerodynamics of wings, bodies, and contro} sur-
faces at high speeds for all configurations of interest.
Raudio control and the telemetering of research data
by radio from the missiles to ground receiving
stations.
The dynamics of controlled flight, which includes:
Stability of missiles in flight.
Requirements of servo-control mechanisms {o
operate controls.

Defense Research Committee in the.development of— WARTIME UNIVERSITY RESEARCH

guided missles.

Investigation of guided missile problems in the

NACA Iaboratories started in June of 1941 at requestof

.the Army Air Force. More than 18 specific guided
missile projects have been undertaken by the NACA. for
the Army, Navy,and NDRC in the peried from the sum-
mer of 1941 through the present. At first:these projects
involved only the conduct of wind tunnel tests on pro-
posed configurations to insure satisfactory functioning
of the control system. As the results from other fields
of wartime research made the guided missile appear
more promising, increased effort was placed by the
NACA on problems of the stability and control of a
missile guided by an automatic pilot.

As the emphasis changed from gravity powered mis-
siles to self-propelled missiles, the problems of form
and control became more critical. The higher speeds
required to decrease vulnerability to antiaircraft fire
necessitated aerodynamic refinement in the form of
the missile. One of the first self-propelled missiles
with an aerodynamically refined shape was the JB-3,
or Tiamat. This form, proposed by a member of the
NACA staff, was taken under development by the
Army Air Forces and at the same time its configuration
was used by the NACA for a study in free flightof some
of the general problems involved in the control of

To secure the benefits of additional outstanding
scientists and research facilities for the Government,
the NACA has supported a well-integrated and co-
ordinated contract research program administered to
supplement and contribute to the research carried out
in the NACA laboratories or conducted by other govern-
ment agencies. Technical reports resulting from the
resear ch were given the same distribution to the military
services, their contractors, and other interested groups
as those resulting from the laboratories’ research. More
than 40 educational institutions, as well as the National
Bureau of-Standards and the Forest Products Labora-
tory which are operated by the Government; partici-
pated in research in the fields of aerodynamies, aireraft—
propulsion, construction, and operating problems.

Administration of contract research is carried out
effectively by close coordination with the technical sub-
committees of the NACA. Research projects are ap-
proved for contract with the NACA only after they
are studied carefully and recommended by the appropri-
ate NACA technical subcommittee. The membership
of these technical subcommittees is made up of experts
from the NACA, CAA, AAF, Navy Bureau of Aero-
nautics, other Government organizations, and private
industry who are acquauinted with the needs of the Na-
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tion as well as the available information and back-
ground relating to the research.

Wartime increases in aircraft operational speeds in-
troduced the grave problem of compressibility. For
low speeds of flight, air may be considered incompressi-
ble, but as speeds approach that of sound, serious aero-
dynamic design problems are introduced. The NACA
has engaged some of the Nation’s foremost mathemati-
cal physicists in the theoretical solution of high-speed
flow problems. Substantial progress has been made in
this, one of the most difficult of modern applied
mathematics.

Since the power output and operating efficiency of
jet engines increases with operating temperatures, much
attention was given to the development of structural
alloys capable of withstanding corrosive gases operat-
ing at temperatures up to 1,800° F. Much of the ad-
vance in the high-temperature alloy development has
been due to research or evaluation carried on under the
sponsorship of the NACA.

The mechanism of boundary layer flows has been the
subject of research for many years by workers in the
field of fluid mechanics. Great increases in aircraft
performance could result if efficient means were devel-
oped by which boundary layer flows could be con-
trolled. During the war theoretical and experimental
boundary layer studies were carried out, notably at the
National Bureau of Standards and the California Insti-
tute of Technology; and have contributed greatly to the
knowledge of boundary-layer phenomena. Specially
significant were theoretical studies of the boundary
layer in compressible fluids and experimental investi-
gations of turbulence, transition and flow stability by
means of hot-wire anemometry.

As aireraft power plants increase in output the prob-
lem of dissipation of waste heat becomes increasingly
important. Efficient design of heat exchangers for the
utilization of waste heat for cabin heating or anti-icing
or to reduce weight of oil coolers becomes necessary as
airplane and power plant size is increased. Valuable
contributions toward the increase of efficiency of heat
exchangers have been made under the sponsorship of
the NACA.

Problems of vibration and flutter of aircraft have
been emphasized with increases in aireraft speed.
Speed advances attained during the war have forced
the problem to a prominent place in aircraft design.
Theoretical research, carried on under the Committee’s
sponsorship utilizing mathematical methods of consid-
erable complexity, have yielded results allowing for the
determination of flutter characteristics of actual airfoil
systems. Experimental research into the effects of
forced and self-excited oscillations have yielded consid-
erable information concerning the phenomenon of
flutter,

Increases in airplane size have altered some aircraft
structural design problems. Monocoque structures,
where the sheet metal covering of the fuselage acts as
a structural member, have increased in size to where
general instability failures have become possible. Con-
tract research carried on during the war has yielded
more accurate method of stress analysis for the efficient
design of large airplanes, .

As in the early years of the Committee’s existence
before the opening of the research laboratories, when
contracts were 2 major means by which aeronautical
research was pursued, contributions in specific fields
made by outstanding scientists in educational and re-
search institutions during the war have indicated that
contract research represents a valuable adjunct to the
effort of the NACA in its laboratories.

OFFICE OF AERONAUTICAL
INTELLIGENCE

The Office of Aeronautical Intelligence was estab-
lished in the early part of 1918 as an integral branch
of the Committee’s activities. Its functions are the col-
lection and classification of technical knowledge on the
subject of aeronautics, including the results of research
and experimental work conducted in all parts of the
world, and dissemination to the military and naval air
organizations, aircraft manufacturers, educational in-
stitutions, and others interesfed. It it the officially des-
ignated Government depository for scientific and tech-
nical reports and data on aeronautics.

Promptly upon receipt, all American and foreign re-
ports are analyzed, classified, and brought to the spe-
cial attention of the subcommittees having cognizance
and to the attention of other interested parties through
the medium of public and confidential bulletins. For-
eign reports are translated and duplicated where prac-
ticable, and distributed to the best advantage.

To handle efficiently the work of procuring and ex-
changing reports in foreign countries, it is the Com-
mittee’s policy to maintain a Technical Assistant in
Europe. It is his duty to visit the governmental and
private laboratories, centers of aeronautical informa-
tion, and private individuals in European countries, and
to endeavor to procure for America not only printed
matter which would in the ordinary course of events
become available in this country, but more especially ad-
vance information as to work in progress and technical
data not prepared in printed form, which would other-
wise not reach this country. John Jay Ide, of New
York, served as the Committee’s Technical Assistant in
Europe from April 1921 until the office was closed for
the duration of World War IT. The Office of the Tech-
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nical Assistantin Europe will be reopened as soon as it
becomes expedient to do so.

Technical Publications.—The Committee’s own tech-
nical publications are the official means of communicat-
ing to the proper responsible officials of the military
services, the aircraft industry, and others concerned, the
results of scientific investigations conducted in its own
laboratories and other investigations conducted under
research contracts in private scientific and educational
institutions. During the war such publications con-
stituted *“classified” information, designated as “re-
stricted,” “confidential,” or “secret” and their status was
protected by the provisions of the Espionage Act. This
resulted in & Iimitation in the distribution of such infor-
mation during the war period. The volume of reports
greatly increased during the war period due to expand-
ing research activity and to the advancing requirements
of the military services and the airéraft industry for
technical data.

In order to get new knowledge into use with the least
possible delay, the Committee followed a policy of re-
leasing preliminary and advance data prior to the issu-
ance of a final report. There has resulted a vast accu-
mulation of valuable scientific data. worthy of preserva-
tion in permanent form and immediately needed by
units of industry, educational institutions, libraries, and
individuals whose access to such information was re-
stricted during the war period.

The results of scientific investigations conducted or
sponsored by the NACA during the war period are being
reissued in public form as “Wartime Reports.” Those
- of more permanent value are being printed in final form
as technical “Reports.” '

The Committee is continuing the publication of “tech-
nical memorandums” containing translations and repro-
ductions of outstanding aeronautical articles originat-
ing in foreign countries. This series is available for
general distribution.

AERONAUTICAL INVENTIONS

By Actof Congress approved July 2,1926 (U. S, Code,
title 10, sec. 310-r), an Aeronautical Patents and Design
Board was established consisting of the Assistant Sec-
retaries for Air of the Departments of War, Navy, and
Commerce. In accordance with that Act as amended by
the Act approved March 8, 1927, the National Advisory
Committee for Aeronautics is charged with the function
of analyzing and reporting upon the technical merits of
aeronautical inventions and designs submitted to any
agency of the Government. The Aeroautical Patents
and Design Board is authorized, upon the favorable
recommendation of the Committee, to “determine
whether the use of the design by the Government is de-
sirable or necessary and evaluate the design and fix its
worth to the United States in an amount not to exceed
$75,000.”

In August 1940 the Secretary of Commerce created
the National Inventors Council to serve as a central Gov-
ernment clearinghouse to which can be submitted inven-
tions and suggestions that might prove valuable to the
national defense. The Committee’s Director of Aero-
nautical Research, Dr. George W. Lewis, serves as Chair-
man of the Council’s Technical Committee on Airerafi
and Aeronautics.

During the war years the NACA has continued to dis-
charge its function of consideration of aeronautical in-
ventions. A large number of-aeronautical inventions
were submitted directly to the NACA by individuals and
concerns, and many were forwarded by other Govern-
ment _agencies, including the National Inventors
Council of the Department of Commerce, for proper
evaluation.

The activities of the Aeronautical Patents and Design
Board have become dormantsince the National Inven-
tors Council has been ‘established, and the NACA has
recently recommended the repeal of that Section of the
Act of Congress creating the Aeronautical Patents and
Design Board.



Part 11
EXTENSION OF FACILITIES

Construction Since 1940

AMES LABORATORY

The year 1940 saw the beginning of the Ames Aero-
nautical Laboratory at Moffet Field, Calif. The facili-
ties of this laboratory were built to extend aeronautical
research to higher speeds and larger scale, in a location
less limited by space considerations and electric power
supply than the more crowded ares at Langley Field.

The first unit completed was the flight research lab-
oratory, which went immediately to work on the prob-
lem of aircraft icing. In August of 1941, three new
wind tunnels were put into operation. The first two
were the 7- by 10-foot tunnels, extensively used for
general aerodynamics and stability and control studies.
They provide a much needed addition to the facilities
at Langley Field for this type of work. The third tun-
nel was the 16-foot high-speed tunnel. This facility
makes possible aserodynamic investigation at high
speeds, up to 680 miles per hour, and at larger scale than
was possible in any other tunnel, at those speeds.

In May of 1942 the science laboratory was completed.
This building houses equipment for design and con-
struction of the complex and precise instrumentation
required in research.

The administration building, which houses the central
management and research offices of the laboratory, was
completed in November of 1943.

In 1944 two new wind tunnels came into operation,
The 1- by 814-foot high-speed tunnel, completed in
January, provided an economical means for studying
problems of high-speed airflows where size was not
especially important. Many preliminary investigations,
are conducted in this tunnel before being extended to
larger scale in the 16-foot high-speed tunnel. A
full scale tunnel, 40 by 80 feet at the test section, was
put in operation in June of 1941, The 40- by 80-foot
wind tunnel is the largest in the world. During the war
it provided the means for rapid correction of military
designs already in or about to go into production. In
basic research it allows investigations to be made at
* very large Reynolds numbers.

By December of 1945 the 8-by-8-inch supersonic
tunnel was completed. This is the first of three super-

sonic facilities at this laboratory. The other two are
t-by-3-foot supersonic tunnels, completed in March
and May of 1946, These facilities provide a range of
speeds up to Mach number 3.4. In addition, the 1-by-
3-foot tunnels are of variable density, providing a
range of possible Reynolds numbers. They are the
first of the larger supersonic facilities, much needed to
provide information for ultra-high-speed aircraft.
In July of 1946, the 12-foot low-turbulence pressure
tunnel was placed in operation. This tunnel represents
the latest advance in wind-tunnel design, and was built
to provide more accurately controlled, low turbulence
airflows at speeds up to the speed of sound and also at,
effective large scale by means of pressurized air,

CLEVELAND LABORATORY

The NACA Aircraft Engine Research Laboratory
at Cleveland, Ohio, authorized in November of 1940, has
provided urgently needed facilities for studying the
problems of aircraft propulsion systems. With the
advent of new engine types these problems have multi-
plied and the research equipment has been correspond-
ingly converted and enlarged.

The year 1942 brought completion of some of the
initial construction at Cleveland. The flight research
laboratory was placed in operation, extending the fa-
cilities for flight investigations at the Langley and Ames
laboratories. Research on fuels and engine cooling
have been among the principal studies. The first of
two engine-propeller research buildings was completed
in August. In November, the fuels and lubricants build-
ing was completed. The building is provided with
equipment for the scientific study of fuel and lubricant
characteristics and their improvement.

In March of 1948 the administration building was
completed, providing the laboratory with its central
offices, library, and auditorium. By August the engine
research building was completed. This facility pro-
vides for investigation of complete engines and their
components. Included are combustion research, com-
pressor and turbine research, and friction and wear
studies. The equipment involves engine test cells and
extensive services for supplying refrigerated, com-
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pressed, and evacuted air in the large volumes demanded
by jet-propulsion engines and compressors.

In 1944 most of the originally planned propulsion
research facilities at Cleveland were completed. The
altitude wind tunnel was placed in operation in January.
This tunnel provides altitude pressures up to 50,000 feet
and temperatures of 40° F. below zerp, at speeds up to
500 miles per hour. It is the only facility where full-
scale engines of all kinds may be investigated in opera-
tion under accurately controlled conditions of high alti-
tude. The icing research tunnel was completed in
March. It is cooled by a large capacity refrigeration
plant that also serves the altitude tunnel. It-provides
the means for studying every type of aircraft icing,
including engine and propeller icing during operation,
under controlled conditions not possible in flight. In
May, a second engine-propelled research facility was
completed. A jet-propulsion static test laboratory was
completed in August, providing much needed facilities
for investigating the performance of complete jet en-
gines. By November the compressor and turbine re-
search facilities were completed. These are located in
the engine research building, and constitute an impor-
tant part of the equipment for study of major engine
components. _

In June of 1945 two supersonic wind tunnels were
put into operation. These are the 18- by 18-inch tun-
nel and the 20-inch tunnel. They provide the labora-
tory with the means of studying the special problems
of propulgion at supersonic speeds, including aircraft
and engine shapes and ducts for air.

The high-pressure combustion laboratory was com-
pleted in October. This fagility is devoted to the study
of _rocket fuels and their cumbustion for high-speed
propulsion.

Close of the year 1946 has brought an addition to
the jet-propulsion static-test laboratory, extending these
facilities to accommodate a larger number of jet engines,
which have almost entirely replaced the reciprocating
engine in fundamental propulsion research.

LANGLEY LABORATORY

Facilities at the Langley Memorial Aeronautical Lab-
oratory at Langley Field, Va., have been continually
modernized, enlarged, and extended as the need has
-arisen. In June of 1941, a stability research wind tun-
nel and laboratory were placed in operation. Thislabo-
ratory makes possible specialized study of stability
problems under controlled conditions. In December,
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the electric power supply for the laboratory was aug-
mented by installation of-a 10,000-horsepower Diesel-
electrio generating plant, that was to permit the required
operation of high-powered wind tunnels in the eritical
war period.

In January of 1942 the 16-foot-high-speed tunnel was
placed in operation. This tunnel is similar to the one
constructed at Ames Laboratory but it is of slightly
lower speed. It provides the means for high speed
aerodynamic research at large scale. By July the 9-
inch supersonic tunnel was completed, providing the
laboratory with a facility for general supersonic aero-
dynamic research. A second hydrodynamic towing
tank was completed in October, as well as the seaplane
impact basin for studying water-landing loads. These
facilities amplify the laboratory’s equipment for hydro-
dynamic research, and have made possible more ex-
tensive work on land problems, many of which were of
immediate specific importance during the war.

The next important additions come in 1945, The

physical research laboratory was completed in April
to provide for the study of fundamental and abstract
problems in physics. A large number of these prob-
lems have to do with high-speed and supersonic flight.
In August the gust tunnel was completed. This is a
unique facility designed for research on aireraft loads
produced by atmospheric furbulence, under accurately
controlled conditions impossible to duplicate at will in
flight. In September the flutter tunnel of the physical
research division was completed. Thisis one of several
specialized facilities, for investigation of the flutter
and vibration phenomena that occur at high speeds. In
November a new 7- by 10-foot high-speed tunnel was
completed. This is similar to those constructed at
Ames laboratory, except-that it is equipped with vari-
able test sections which provide speeds up to 700 miles
per hour.
" The end of 1946 has brought one more addition to
the physical research division in the form of a heli-
copter test tower. Valuable work has been performed
by this division on basic problems of the helicopter
rotor., The tower is designed to-permit research on
rotors high enough from the ground to be substantially
free of “ground effect.” Another smaller addition has
been a stratosphere chamber for instrument testing.
Accurate instrumentation, calibrated for ail conditions
to be encountered, is a vital part of research equipment,
and one that must keep abreast of the search for new
knowledge.



Part III
COMMITTEE ORGANIZATION AND MEMBERSHIP

nautics was established by Aect of Congress ap-

proved March 3, 1913, and the membership in-
creased from 12 to 15 by act approved March 2, 1929
(U. S. C,, title 49, sec. 241). Its members are appointed
by the President and include two representatives each
of the War and Navy Departments from the offices in
charge of military and naval aeronautics, two repre-
sentatives of the Civil Aeronautics Authority (Civil
Aeronautics Act of 1938), one representative each of the
Smithsonian Institution, the United States Weather
Bureau, and the National Bureau of Standards, together
with six additional persons who are “acquainted with
the needs of aeronautical science, either civil or mili-
tary, or skilled in aeronautical engineering or its allied
sciences.” These latter six serve for terms of 5 years.
The representatives of the Government organizations
serve for indefinite periods. All members serve as such
without compensation.

During the period since the publication of the Com-
mittee’s last annual report, for the year 1942, the follow-
ing changes have occurred in the membership of the
main Committee: .

Rear Adm. Sidney M. Kraus, U. S. N., was relieved
on April 9, 1943, because of his transfer to duty away
from Washington. Rear Adm. Edward M. Pace was
appointed to succeed him.

Mr. William Littlewood, vice president (Engineer-
ing), of American Airlines, was appointed February
10, 1944, for a term expiring October 1, 1948, to succeed
Dr. George J. Mead, who resigned because of ill health.

Vice Adm. John S. MeCan, U. S. N., was relieved on
August 17, 1944, because of his transfer to duty away
from Washington, and Vice Adm. Aubrey W. Fitch, his
successor as Deputy Chief of Naval Operations (Air),
was appointed a member to succeed Admiral McCain, .

On October 11, 1944, the President appointed Rear
Adm. Lawrence B. Richardson, U. S. N., to succeed Rear
Adm. Edward M. Pace, transferred to duty outside of
Washington.

Dr. Alexander Wetmore, Secretary, Smithsonian In-
stitution, was appointed a member on January 20, 1945,
to succeed Dr. Charles G. Abbot, who had recently
retired as secretary of that institution.

THE Nutionnl Advisory Committee for Aero-

On June 11, 1945, the President appointed Brig. Gen.
(now Major General) Edward M. Powers, U. S. A.,
Assistant Chief of Air Staff-4, to succeed Maj. Gen.
Oliver P. Echols, relieved, on his transfer to duty away
from Washington.

On his appointment as Deputy Chief of Naval Opera-
tions (Air), Vice Adm. Marc A. Mitscher, U.S. N, was
appointed a member of the NACA July 24, 1945, to suc-
ceed Admiral Fitch, relieved.

Dr. William F. Durand; the last of the twelve original
NACA members to serve on the Committee, resigned
August 24, 1945, to retire to his home at Stanford Uni-
versity, Calif,, after serving two terms of membership
of 18 years and 3 years, respectively.

On September 20, 1945, Dr. Edward Warner, vice

chairman of the Civil Aeronautics Board, resigned from
the Committee to accept the presidency of the Interim
Council of the Provisional International Civil Aviation
Organization at Montreal.

Dr. Edward U. Condon, newly appointed Director of
the National Bureau of Standards, was appointed to
the Committee November 19, 1945, to succeed Dr, Lyman
J. Briggs, retiring Director of the Bureau and NACA
member for many years.

Vice Adm. Arthur W. Radford, U. 8. N., was ap-
pointed a member of the Committee January 17, 1946,
to succeed Rear Admiral Mitscher, transferred to other
duty.

Under date of April 8, 1946, President Truman filled
the vacancies caused by the resignation of Dr. Durand

and Dr. Warner by appointing Dr. Theodore P. Wright,

Administrator of Civil Aeronautics, who had previously
been appointed a member from private life, as a member
representing the Civil Aeronautics Administration suc-
ceeding Dr. Warner; appointing Arthur E. Raymond,
vice president (Engineering}, Douglas Aireraft Co., to

succeed Dr. Wright for a term expiring December 1,

1946; and appointing Mr. Ronald M. Hazen, chief engi-
neer, Allison division, General Motors Corporation, as
member to succeed Dr. Durand for a term expiring
December 1, 1949,

General Carl A. Spaatz, Commanding General of the
Army Air Forces, was appointed a member of the Com-
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mittee April 12, 1946, succeeding Gen. Henry H. Arnold,
his predecessor as Commanding General.

In accordance with the regulations governing the
organization of the committee as approved by the
President, the chairman and vice chairman are elected
annually, as are also the Chairman and Viee Chairman
of the Executive Committee.

Since 1942, Dr. Jerome C. Hunsaker has been reelected
annually as Chairman of the NACA and of the Execu-
tive Committee. As Vice Chairman of the NACA, Dr.
Lyman J. Briggs served from his election in October
1942 to October 25, 1945, just prior to his retirement as
a member, and on the latter date Dr. Theodore P.
Wright was elected Vice Chairman.

Dr. Charles G. Abbot served as Vice Chairman of the
executive committee until his retirement from the com-
mittee, January 20, 1945. At the following annual
meeting, October 25, 1945, Dr, Francis W, Reichelderfer
was elected Vice Chairman of the Executive Committee.

The main committee is supplemented by a system of
technical committees and subcommittees to prepare and
recommended to the main Committee the programs of
research to be conducted in their respective special fields.
In addition, these subcommittees assist in coordinating
research programs, and act as mediums of interchange of
ideas and information among all groups concerned with
a particular field of research.

Due to the increase in complexity and specialization
of aeronautical research, the number of technical com-
mittees has been increased to cover the needs of this
broadening feld. In addition it is necessary from time
to time to set up a special committee to deal with some
particular project. All these committees change accard-
ing to the need for them.

There are now 8 technical committees and 23 sub-
committees. Their titles and membership are as
follows:

COMMITTEE ON AERODYNAMICS

Dr. Theodore P. Wright, Administrator of Civil Aeronauties,
Chairman.

Dr. Hugh L. Dryden, National Bureau of Standards, Vice Chalr-
man.

Maj. Gen. L. C. Craigie, Alr Corps, Atr Matériel Command.

Col. Paul H. Kemmer, Air Corps, Air Matériel Command.

Col. Paul H. Dahe, Alr Corps, Afr Matériel Command.

Capt. Walter S, Diehl, U. S, N,, Burean of Aeronautics,

Capt. Robert S. Hatcher, U, 8. N., Bureau of Aeronautics.

Rear Adm. L. C. Stevens, U. 8. N., Bureau of Aeronauties.

Mr. Harold D. Hoekstra, Civil Aeronautics Administration.

Mr. John F. Parsons, National Advisory Committee for Aero-
nautles.

Mr. Floyd L. Thompson, National Advisory Committee for Aero-
nautics,

Dr. G. W. Lewis (ex officfo), National Advisory Committee for
Aeronautics.

REPORT NATIONAL ADVISORY COMMITIEE FOR AERONAUTICS

Mr, Abe Silverstein, Natfonal Advisory Committee for Aero-
nautics.

Mr. Paul 8. Baker, United Aircraft Corp.

Mr. John G. Borger, Pan American Airways System.

Prof. John R. Markham, Massachusetts Institute of Technology.

Mr. L. E. Root, Douglas Aircraft Co.

Mr. George S, Schairer, Boelng Aircraft Co.

Dr. Theodore von Karman, Californig Institute of Technology.

Subcommittee on Seaplanes

Mr. Grover Loenling, Chalrman.

Mr, H. L. Anderson, Air Matérlel Command.

Capt. H. C. Richardson, U. S. N., Naval Alr Matérlel Center,

Capt. Walter 8. Dlehl, U. 8. N., Bureau of Aeronautles.

Capt. H. E. Saunders, U. 8. N., David Taylor Model Basin.

Capt. C. H. Schildhauer, U. 8. N. R., Navy Department.

Mr. Albert A. Vollmecke, Clvil Aeronautics Administration.

Mr. John B. Parkinson, National Advisory Commilttee for Aero-
nautics,

Prof. K. S. M. Davidson, Stevens Institute of Technology.

Capt. H. E. Gray, Pan Amerlcan Airways System.

Mr. B. V. Korvin-Kroukovsky, Edo Alrcraft Corp.

Mr. J. D. Plerson, Glenn L. Martin Co.

Mr. B. G. Stout, Consolidated Vultee Aircraft Corp.

Subcommittee on Vibration and Flatter

Dr. B. J. Reid, National Advisory Committee for Aeronautics,
Chajirman.

Mr. Beiijamin Smilg, Air Corps, Alr Matériel Command.

Mr. L. 8. Wasserman, Air Matérlel Command,

Capt. Walter S, Dlehl, U. 8. N., Bureau of Aeronautics.

Mr, Bernard A. Wiener, Bureau of Aeronautics, Navy Depart-
ment, Washington, D, C.

Mr. E, Forest Critchlow, Civil Aeronauties Adminjstration.

Dr. Walier Ramberg, National Bureau of Standards.

Dr. Theodore Theodorsen, National Advisory Commlttee for
Aeropautics. ’

Mr. Sam Loring.

Subcommittee on Propellers for Aircraft

Mr. Frank W. Caldwell, United Alrcraft Corp., Chalrman.
Dr. Roscoe H, Miils, Air Matériel Command.

Mr. Daniel A, Dickey, Air Matériel Command.

Lt. Comdr. David W. Watkins, Jr., Bureau of Aeronautics.
Mr. Gerald L. Desmond, Bureau of Aeronautics,

Mr. John C. Morse, Civil Aeronautics Administration.

Mr. B. C. Draley, Natlonal Advisory Committee for Aeronantics.
Prof. Shatswell Ober, Massachusetts Institute of Technology.
Mr. Werner J. Blanchard, General Motors Corp.

Mr. George W. Brady, Curtiss-Wright Corp.

Mr. Erle Martin, Hamilton Standard Propellers.

Mr. Fred BE. Weick, Engincering & Research Corp.

Subcommittee on Helicopters

Mr. Grover Loening, Chairman.

Lt. Col. K. S. Wilson, Air Corps, Air Matériel Command,
Maj. W. B, Zins, Alr Corps, Air Matérlel Command.

Capt. Walter S. Diehl, U. 8. N., Bureau of Aeronautics.
Commander J. C. Lawrence, U. 8. C. G., Bureau of Aeronauties,
Commander Jamnes W. Kiopp, U. 8, N,, Bureau of Aeronauties,
Mr. B. L. Springer, Civil Aeronautics Administration.
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Part IV
FINANCIAL REPORT

Appropriations for fiscal year 1946. The following funds
were appropriated for the Committee for the fiscal year 1946
in the Independent Offices Appropriation Act, 1948, approved
May 8, 1945:

Salaries and expenses. $25, 999, 393
Printing and binding 15, 000
Total appropriations 26, 014, 393

Subsequent actions of the Congress and the Bureau of the
Budget reduced the availabllity of the appropriated funds by
83,000,000, as follows:

First Supplemental Surplus Appropriation Recision

Act, 1946, approved February 18, 1946________ - $2, 000, 000
Placed in reserve by the Bureau of the Budget, May

22, 1946 1, 0600, 000

Total._ recisions -- 8,000,000

Obligations incurred during the fiscal year 1046 are listed
below. The figures shown are total obligations and Include
the costs of personal services, travel expenses, utility services,
supplies, equipment, ete.

Activity and obligations—1946

Headquarters Office, Washington, D. Coeee—_____ $435, 084
Langley Memorial Aeronautical Laboratory_ . — 9,700,904
Ames Aeronautical Laboratory 2,918,166
Alreraft Engine Research Laboratory . __ 9, 4738, 173
Research contracts—educational institutions______ 276, 204
Transfer to the National Bureau of Standards____ 127, 0600
Printing and binding, all activities . _______ 14,061
Total obligations 22, 0486, 842
Recisions ___ 3, 000, 000
Unobligated balance 68, 051

Total appropriations - 26,014,893

No new appropriations were provided In fiscal year 1948 for
the construction and equipment of laboratory facilities. How-
ever, the following amounts were obligated during 1946 from
construction and equipment appropriations made available In
prior flscal years:

Langley Memorial Aeronautical Laboratory—e——.—_ $4, 155, 087
Ames Aeronautical Laboratory . ____________ 4, 807, 368
Atlreraft Engine Research Laboratory—— o _____ 9, 548, 036

Total 14, 010, 491

Appropriations for the fiscal year 194%. The following funds
have been appropriated for the Committee for the fiscal year
1947 in the Independent Offices Appropriation Act, 1947, approved
March 28, 1946:

Salaries and expenses. 826, 500, 000
Printing and binding. - 75, 000

Construction and equipment of laboratory facilities:
Langley laboratory 2, 890, 000
Cleveland laboratory. 108, 000
Total - 29, 678, 000

Supplemental and deflelency estimates of appropriations for
the fiscal year 1947 have also been submlitted to the Bureau of
the Budget in the following amounts;

Salaries and expenses. $2, 089, 000
Construction and equipment of laboratory facilities:

Langley laboratory. 5, 805, 860

Cleveland laboratory 1, 674, 200

9, 569, 180
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CONCLUSION

Aeronautical science stands on the threshold of a new
era. New forms of propulsion, even excluding the
possibilities of atomic energy, open up new speed con-
cepts for both military and commercial aviation.

The recent war saw the full development of aerial
warfare using conventional aircraft operating at sub-
sonic speeds, The possibilities of supersonic military
aircraft and of guided missiles indicate that present
types of military aircraft are becoming obsolete. As
we prepare to enter the new era, we see no definite limit

to the power that may become available for aircraft

propulsion, nor to the speed that may be attainable.
These possibilities confront the NACA with whole new
fields of scientific problems requiring the provision of
new facilities for supersonic research. And, after
fundamental research has disclosed the design data and
new shapes for supersonic aircraft, there wiil he another
entirely new field of research to provide stability and
control at the low speeds necessary for take-off and
landing. ' ' '
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In the meantime, the aircraft industry remains
essential for future national security. It is national
policy to sustain that industry with orders for the
necessury production of service aircraft and for the
design and development of new and improved types.
This results in an increased burden on the staff and
facilities of the NACA. to provide as quickly as possible
the fundamental data needed by the military services
and the industry as a basis for new designs. Team-
work between the military services, industry, and the
NACA was never more essential, nor more effective.

Laboratory facilities of the NACA are being ex-
panded to provide some of the urgently needed research
facilities. The basic research activities of the NACA
are the foundation of progress in America in improving
the performance, efficiency, and safety of both military
and civil aircraft.

Respectfully submitted.

JeroME C. HUNSAKER, Chairman,
National Advisory Committee for Aeronautics.



